J Mater Sci (2012) 47:1992-1999
DOI 10.1007/s10853-011-5996-4

Effect of chemical environments on palladium phthalocyanine
thin film sensors for humidity analysis

Mohammad Javad Jafari -
Mohammad Esmaeil Azim-Araghi -
Samira Barhemat

Received: 9 July 2011/ Accepted: 23 September 2011 /Published online: 4 October 2011

© Springer Science+Business Media, LLC 2011

Abstract Chemiresistors based on palladium phthalocy-
anine (PdPc) thin films were investigated as humidity
sensors. The samples were thermally evaporated onto gold
electrodes with a thickness about 100 nm. Optical and
electrical characteristics of PdPc thin films were investi-
gated by scanning electron microscopy (SEM), X-ray dif-
fraction (XRD), and electrical measurements. The SEM
image demonstrates PdPc (30-60 nm) nanosized particles,
and XRD pattern shows that thin films are in «-phase at
room temperature. Electrical measurements also confirm
that PdPc exhibit semiconducting and photoconducting
behaviors, and thermal activation energies of thin films
were calculated. After that, the sensitivity and reversibility
of devices were investigated on exposure to 20-90% RH in
various chemical environments at 293 and 323 K. The
response time (35-45 s) and recovery time (75-105 s) of
sensors were measured at 293 K with respect to different
chemical environments. At last, the stability of devices
versus different RH% and chemical environments were
tested. The sensors show very good stability on exposure to
RH for a period of 2 months but their stability has been
reduced in ethanol, acetone, and ammonia environments.

Introduction

Humidity sensors are important devices in recent technol-
ogy and life style; they can be used in automotive, medical,
construction, semiconductor, meteorological, and food
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processing industries [1-4]. It is well known that a good
humidity sensor should be focused on the improvement of
the following requirements, such as linear response, high
sensitivity, short response time, and long-term stability [5].
Different kind of materials such as organic semiconduc-
tors [6, 7], metal oxides [8—10], composites [11-13], and
ceramics [14-16] are under intensive investigations to
fabricate humidity sensors. Most of the metalophthalocya-
nines (MPcs) are p-type organic semiconductors, there is a
growing interest in study of them based on their good
thermal and chemical stabilities, low cost, simple, and
versatile alternatives to fabricate thin film devices. Phthal-
ocyanines include conjugated 7m-electron systems with 18 7-
electrons in their skeletal structures, it enables the electrons
to delocalize throughout the whole system, and thus many
atoms may share them. The delocalized electrons may move
around the whole system and become the charge carriers to
make them conductive. As the result of their conductivity,
MPcs are used as sensitive materials to fabricate chemical
sensors. By contrast to other phthalocyanines, little studies
have been carried out on Palladium Phthalocyanines. As
shown in [17, 18], PdPc (C3,H;¢NgPd) thin films exhibit
p-type conductivity with a hole mobility equal to
2.5 x 10_50m2/(Vs) [17] and can be used as an active
material to fabricate chemical sensors.

Phthalocyanine thin films have been proposed to be used
for various applications including chemical and humidity
sensors [19-24]. It is also known that structure, thickness,
and morphology of phthalocyanines thin films can strongly
influence their sensing characteristics. The researches of
active materials behavior are carried out on several sensing
methods such as piezoelectric crystal sensors [25], optical
sensors (usually optical absorption measurements) [26],
and electrical sensors (chemiresistors, diodes, and transis-
tors) [27, 28].
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Detection of humidity in different chemical environ-
ments and compounds of gases is a difficult task. Some
analytes can influence on humidity sensing process and
disturb it. In our laboratory, extensive studies were carried
out on using of PdPc thin films as an active layer to fab-
ricate humidity sensor. Device fabrication is based on
chemiresistors as the most common type of sensors; che-
miresistor consists of a planar interdigitated electrode
coated with PdPc thin film. In this method, the change of
electrical resistance is measured as the output, if a partic-
ular vapor is absorbed by the film and effect the resistance,
so a simple ohmmeter or electrometer is enough to collect
the data [20]. In present study, we are also studying the
effect of ammonia, ethanol, and acetone vapors as chemical
environments on sensitivity of devices versus humidity.

Experimental

Palladium Phthalocyanine in powder form (Merk-824462)
was prepared to be used as sensitive material to fabricate
humidity sensors. Interdigitated gold electrodes with a
50 um gap were fabricated photolithographically on pre-
cleaned polyborosilicate glass with a dimension of
8 mm x 8 mm as substrate. PdPc was thermally evapo-
rated over the electrode arrays, the depositions were carried
out using molybdenum boat in vacuum at a pressure of
10~ mbar. The substrate temperature and deposition rate
were controlled at 300 K and 0.5-1.0 A/s, respectively.
PdPc thin films were coated on interdigitated electrodes
with a thickness about 100 nm, the thickness of thin films
was monitored during deposition process by using a quartz
crystal monitor. PdPc was deposited on glass in the same
process of devices fabrication, and the surface morphology
of PdPc thin films was studied. Crystalline structure of thin
films was determined by X-ray diffraction (XRD) and
surface morphology of PdPc thin films was characterized
by scanning electron microscopy (SEM).

The electrical characteristics of the devices were studied
by continuously recording current and resistance of sam-
ples at variable and constant potential. A stabilized DC
power supply and an electrometer (Keithley 200) were
used to record data at dark and light conditions. The
electrical measurements were carried out as a function of
relative humidity (RH%) in a specially designed chamber,
a digital sensor (SHT 75, Sensirion) was used to measure
the humidity and temperature [29]. The diluted vapor with
high purity N, was passed through the chamber at a flow
rate of 500 mL/min and controlled by a mass flow con-
troller. The sensitivity and reversibility of devices versus
20-90% RH were obtained and they were tested on
exposure to different vapor environments. Further tests
have been conducted to study the long-time stability of

devices over 2 months. Some thin film samples were
deposited on glass substrate and stored in atmospheric
condition and the effect of environment vapors and
humidity on surface morphology of thin films was
investigated.

Results and discussion
Structural and electrical characteristics

The ratio of surface area (A) to volume (V) of active thin
films is an important factor in chemical sensing. A film
with higher ratio (ry,,) makes analyte molecules diffuse
and interact with the sensing layer more easily, which leads
to a higher sensitivity and shorter response time [30]. The
ratio can be measured by different methods such as optical
confocal microscopy and nuclear magnetic resonance
(NMR) technique [31]. The 14, of samples was obtained
about 14.3 + 0.3 pm~' by optical microscopy at room
temperature. The ratio can be increased by using thinner
films with smaller nanoparticles. The SEM image of PdPc
thin films deposited on polyborosilicate substrate at 300 K
is shown in Fig. 1a, the nanosized particles are spherical in
shape with a grain size of 30-60 nm. Figure 1b shows the
XRD pattern of PdPc thin film which thermally evaporated
on glass substrate. The XRD pattern clearly shows that a
single peak (20 = 6.75°) which can be identified as (200)
plane of tetragonal «-phase, was observed at room tem-
perature and lattice spacing was obtained d = 13.1 A. The
lattice spacing obtained here is slightly larger than that
reported in the literature [32].

Freshly evaporated devices were left to stabilize in
vacuum at a fixed bias (5 V) for a period of 20 h. As shown
in [33], surface electromigration due to a properly applied
and sufficiently strong electric field can inhibit instabilities.
A mixture of zero grade air and 20% oxygen was intro-
duced to chamber and PdPc films were doped by O,. PdPc,
similarly as CuPc or ZnPc, can be treated as a p-type
semiconductor due to doping by oxygen [34]. The change
of dark current was recorded over the period. As shown in
Fig. 2, there is a rapid decrease in dark current during the
first hour followed by slower increase which continues for
the whole period. These results can be attributed to creation
of surface traps by adsorbed oxygen. Appreciable oxygen
adsorption does not occur until after cessation of this
process and the slow conductivity change is then associated
with different diffusion of oxygen into the thin films.
Characterization of a thin film is an essential work in
electrical studies. Figure 3a shows nonlinear /-V charac-
teristic of the thin film devices at different temperatures, in
zero grade air as the reference atmosphere. It can be seen
that the device has very poor rectifying characteristics and
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Fig. 1 a SEM image and b XRD pattern of PdPc thin film deposited
on glass substrate

the current, in reverse bias, does not show any trend of
saturation or sharp breakdown and also the slope of curves
is shown to be strongly temperature dependent. The I-V
behavior of devices at zero grade air in semilogarithmic
scale is shown in Fig. 3b for forward bias. All the results
show that there are two district regions of conduction for
each characteristic curve. It is found that at low voltages
below a well-defined transition voltage (Vp)—up to
3.5 V—devices have ohmic conduction, at higher voltages
the space-charge limited conduction (SCLC) controlled by
exponential trap dominates.

The results of the variation of current with temperature,
at fixed voltage under forward bias are displayed in Fig. 4.
An applied voltage (0.25 V) was chosen so that the devices
were operating in ohmic region and measurements were
carried out in the temperature range 290-420 K at zero
grade air atmospheres. The /-T measurements were taken
during cooling of thin films. The results show a linear
dependence of In(/) on the reciprocal absolute temperature
(1/7). In this case, the situations are considered quantita-
tively on basis of existing theory, assuming that the dom-
inant levels are the conduction and valence bands. The
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Fig. 2 Response of a PdPc thin film device to zero grade air (20%
0O,) at room temperature
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J Mater Sci (2012) 47:1992-1999 1995
-8 1 1.6 1 0000
. PURRR T 244
., soeoee®® T Tog03k
Y I A 151 ,."'0

—_ ENREY o*

o . 2y o

= ) 14 - -

- -10 ‘e A . R

N’ \

= %e = 1.3 .

5 -1 *'*’*Q—QE‘TQOsSeV = .

Q Y ee-a_, - .

g DTN - 1.2 1 000000® T=323K
12 - i . o0 h
(]
1 * ....0
A7 e ®
13 o°
2.3 25 2.7 2.9 3.1 33 35 :C
-1 1 T T T T T T
1000/T (K~ 0 300 600 900 1200 1500 1800

Fig. 4 Temperature dependence of current in the ohmic region for
chemiresistor device

thermal activation energy of devices is calculated by using
the conductivity relations:

o = apexp(—AE/2kgT)
(AE = E. — E,)

where (E,., = AE/2) is the thermal activation energy and
kg is the Boltzmann’s constant. As shown in Fig. 4, there
are two distinct regions, which correspond to two activa-
tion energies £, and E,. The activation energies E; and E,
were obtained at 7 < 375 K and T > 375 K, respectively.
E, corresponds to extrinsic region, and E, corresponds to
non-extrinsic region. The two different activation energy
values can be interpreted as a transition from extrinsic to
intrinsic  (pseudo-intrinsic) conductivity [35, 36]. The
activation energy corresponding to intrinsic generation is
associated with resonance energy involved in a short-lived
excited state, and that corresponding to impurity scattering
is attributed to a short-lived charge transfer between
impurity and the complex [37]. The thermal activation
energies £, and E, were calculated about 0.085 &£ 0.002
and 0.770 £ 0.018 eV, respectively.

In this study, one of the devices was lightened by a
Quartz Tungsten Halogen (QTH) lamp (100 W, 12V,
Newport-6333 [38]), and illumination-dependent mea-
surements were obtained by varying distance between lamp
and device [4]. Figure 5 shows the change of current versus
illumination (0 up to 1800 lux) for PdPc thin film devices
at 293 and 323 K. It is obvious that the current increased
with increase in illumination, so PdPc can be considered as
photoconductive material and its thin films can be used as
light sensors and photodetectors. Figure 5 also demon-
strates that the current increased about 57 and 22% at 293
and 323 K, respectively, in illumination up to 1000 lux and
beyond 1000 lux the devices have been reached a saturated
state and current became almost constant. The charge

Ilumination (lux)

Fig. 5 The current-illumination characteristics for PdPc device
measured in vacuum

carrier concentration may increase exponentially with the
increase in the intensity of light due to band—band excita-
tion [39] and increase the conductivity of thin films.
Results also show the increase of photocurrent at 323 K is
slower than device at 293 K, the probable reason for this
effect is that the thermal energy can increase the hole
concentration and fewer charge carrier can be activated by
light.

Gas sensing measurements

To investigate the sensitivity of PdPc devices versus vari-
ous environmental vapors, we have measured their elec-
trical behavior by introducing humidity to ethanol, acetone,
and ammonia (diluted with high purity N,) at room tem-
perature. The samples were fixed in a specially designed
chamber, after which vapors were separately introduced to
chamber. After each experiment, chamber was purged by
N, at 380 K; the experimental sequence was indicated in
legend table of Fig. 6 by numbers. Figure 6a shows the
effect of vapors on I-V graphs of sensors at a variable
range of voltages (0—10 V), the dashed line is /-V graph of
device before exposure to analytes in zero grade air at room
temperature and it is consumed as the base line. As shown
in Fig. 6a, the conductivity of devices decreased after
exposure to environmental vapors. PdPc is a p-type semi-
conductor and its conductivity decreases after exposure to
reducing gases and vapors, for example, ammonia can react
with PdPc molecules and produces NH, " ions and reduces
the hole concentration near the surface of thin films. The
other probable reason is that the vapor molecules such as
water molecules can swell on surface of thin films and
penetrate inside them; these absorbed molecules can
deform the sensors and reduce their sensitivity. After that,
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Fig. 6 -V characteristics of devices versus various a vapors and
b humidity in chemical environments (numbers refer to experimental
sequence)

ethanol, acetone, and ammonia were mixed with humidity
as second component of its mixture, and the sensitivity of
devices versus humidity mixtures was measured. Figure 6b
shows I-V graphs of sensors versus 33% RH and its mix-
tures with 100 ppm of ethanol, acetone, and ammonia at
room temperature. Results show that the sensitivity of
devices was optimum in ammonia environment and mini-
mum in ethanol environment.

Figure 7 shows the change in sensitivity factor (S = Ry/
R,, where Ry is the resistance in the present of humidity
and R, is the resistance in zero grade air) on exposure to
different RH% and its mixture with environmental vapors
(to simulate the usual chemical environments). As shown
in Fig. 7a, the resistance of devices has been increased on
exposure to 22-91% RH in dry air and different chemical
environments. Obtained results show that the sensitivity
factor is variable and dependent on chemical environments.
The sensitivity factor was obtained about 11 on exposure to
90% RH in dry air at 293 K, and in ethanol, acetone, and
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Fig. 7 Sensitivity of devices versus humidity a at 293 K and b at
323 K in different chemical environments

ammonia environments this factor is measured about 11.2,
13, and 14.6, respectively. As shown in Fig. 7b, the sen-
sitivity factor decreased with increase of temperature. This
phenomenon can be interpreted as the effect of temperature
on adsorption/desorption equilibrium; temperature is able
to influence both of the two steps. Adsorption always
prefers low temperature and the increase of temperature
will shift the equilibrium to desorption.

Hysteresis is a common issue with gas and humidity
sensors. In a humidity sensing process, most of the adsor-
bed water molecules are desorbed after process, but some
hysteresis is remained in sensors after long-time operation
or short exposure to high humidity. Hysteresis can have
effect on reversibility of sensors and reduces the stability of
them. To study the effect of remained hysteresis on sen-
sitivity and reversibility of thin film devices, the relative
humidity was introduced to chamber with different per-
centages from 20 to 90 RH% (adsorption-indicated in the
plots by solid line), and then cycled down to 20 RH%
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(desorption-dashed line). Figure 8 shows the humidity
hysteresis characteristics of sensor at 293 K (Fig. 8a) and
323 K (Fig. 8b). As can be clearly seen from Fig. 8, the
sensitivity of devices was reduced with increase of tem-
perature. However, the response of the sensors became
more reversible. The probable reason for this phenomenon
is that the some remained hysteresis (water molecules
which trapped on surface of thin films) can be removed
more easily from surface of devices at higher temperatures.
Obtained results show that the devices are more reversible
in dry air and ethanol environment in comparison with
other chemical environments. The average percentage of
reversibility of devices in these environments is about 88%
at 293 K and 95% at 323 K. The minimum of reversibility
was observed in ammonia environment about 79% at
293 K and 91% at 323 K.
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Fig. 8 Hysteresis property of humidity sensors at a 293 K and
b 323 K

In present study, we also tried to determine the char-
acteristics of sensors with respect to exposure 90% RH in
different chemical environments at room temperature.
After the devices were tested at N, atmosphere (Fig. 9, till
75 s), diluted vapors with high purity N, were introduced
into the chamber for a period of time that devices reached
saturated state. Then, analytes were switched off and the
chamber was purged, this cycle was repeated several times.
Obtained results show that the sensitivity field of devices
was decreased after sensing process; this phenomenon can
be interpreted as the effect of hysteresis (trapped water
molecules) on surface of devices. Figure 9 shows the
dynamic response of sensors toward various vapors. The
details show that the thin film devices have good response
and reversibility and can be used as humidity on/off
switches. According to the response and recovery times
calculated for sensors, it may be noted that the response
and recovery time were estimated for the 63% step change
(the baseline drift was taking into account). Obtained
results show that the response times were calculated about
40 s in dry air and in ethanol, acetone, and ammonia
environments were about 45, 35, and 40 s respectively, the
recovery times were also measured, 75, 90, 95, and 105 s,
respectively.

To study long-time stability and effect of humidity on
sensitivity and surface morphology of PdPc thin films, the
sensors were stored at atmospheric condition for a period
of time. Figure 10a shows the change in resistance of
sensors toward different RH% for a period of 2 months. All
results confirm that there were a few changes (less than
10%) in resistance of thin films on exposure to different
RH% after 2 months and devices show good long-time
stability as humidity sensors. Figure 10b shows the effect
of chemical environments on resistance and sensitivity of
thin film devices. Obtained results show that various vapors
can increase the resistance of thin film devices more than

90% RH N,
16 1 ‘ ! Y . !
14 : —e—dry air
E —=—acetone
§ 12 1 i —a—ethanol
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“= 10 !
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b !
Z 81 !
= i
g2 61 i
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Fig. 9 Dynamic response of sensors toward 90% RH in different
chemical environments at 293 K

@ Springer



1998

J Mater Sci (2012) 47:1992-1999

(a)
1000
92% RH
5001 M
~~
g
Z 600 M
@
1>}
=
s W
g 400 54% RH
)
=7 L ey . a—"—w—u
—e 43% RH
200 -
.M
0 T T T T T T
0 10 20 30 40 50 60
Time (d)
(b)
400
ammonia
350
%} 300
~ acetone
54
S 250
8
3 hanol
$ 200 et
[
150 - M
100 T T T T T T
0 10 20 30 40 50 60
Time (d)

Fig. 10 Stability of sensor after exposure to different a RH% and
b chemical environments for 60 days

humidity, the change of resistance in ethanol, acetone, and
ammonia environments were calculated about 21, 26, and
35%, respectively. It is thought that vapor molecules can
swell on surface of thin films and interact chemically with
PdPc molecules. Some surface reactions can take place
between vapor and PdPc molecules, these reactions can
produce new compounds and change the electrical and
structural characteristics of sensitive thin films. After that,
some samples were stored in dry air and vapor environ-
ments to study the effect of environment on surface mor-
phology of PdPc thin films for a period about 1 year.
Figure 11a shows the PdPc thin film as deposited at 300 K;
Fig. 11b, c show PdPc thin films on exposure to dry air and
22% RH for 1 year, respectively. As shown in Fig. 11, the
environmental gases such as carbon dioxide and humidity
can be adsorbed on surface of thin films and change the
surface morphology of them. As can be clearly seen from
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Fig. 11 SEM images of PdPc thin films a as deposited, b after
exposure to dry air, and ¢ 22% RH for 1 year

Fig. 11c, water molecules can swell on surface of thin films
and penetrate inside them. Some of these absorbed mole-
cules can be removed from the surface of films by heat and
UV treatment but the others remain on the surface of films.
At all, water molecules may deform the sensors and shorten
life time of them.

Conclusions

PdPc thin films were deposited on interdigitated gold
electrodes to fabricate chemiresistor humidity sensors.
PdPc thin films were prepared by thermal evaporation
technique with a thickness about 100 nm. Optical and
electrical properties of PdPc thin films were investigated by
SEM, XRD, and electrical measurements. The SEM image
of thin films shows PdPc nanoparticles with an average size
about 30-60 nm, crystalline structure of thin films has been
identified as (200) plane of tetragonal a-phase by XRD
method. Electrical measurements show that PdPc demon-
strated semiconducting behavior with two district region of
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conduction (ohmic conduction followed by space-charge
limited conduction) for each characteristic curve. PdPc also
exhibited temperature-dependent characteristics and the
thermal activation energies of PdPc thin film were calcu-
lated about 0.085 + 0.002 eV (extrinsic region) and
0.770 & 0.0.18 eV (intrinsic region) at 7 < 375 K and
T > 375 K, respectively. Obtained results show that PdPc
can be considered as photoconductive material and its thin
films can be used as light sensors and photodetectors.

PdPc chemiresistors were used as humidity sensors in
various chemical environments. Obtained results show that
various vapors reduced the conductivity of PdPc films as a
p-type semiconductor. After that, the sensitivity factor of
devices was measured versus different RH% in chemical
environments. All results show that the sensors demon-
strated the highest sensitivity in ammonia environment and
the lowest in dry air, and the sensitivity of sensors has been
decreased with increase of temperature. However, the
response of the PdPc sensors became more reversible. The
response time (35-45 s) and recovery time (75-105 s) of
sensors were measured at 293 K with respect to different
chemical environments, and devices were relatively stable
on exposure to different RH% after 2 months in dry air but
the stability of devices was reduced in chemical environ-
ments. At last, PdPc thin films were stored in dry air and
22% RH for about 1 year to study the effect of environ-
ment on thin films. The SEM images show that water
molecules can swell and penetrate inside thin films and
deform the sensors.
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