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bstract

The present study investigates the response of NO2 gas sensing devices, based on bis(phthalocyaninato)titanium thin films, by combined electrical
nd time-resolved energy-dispersive X-ray reflectometry (EDXR) analysis. Samples of various thicknesses were exposed to a NO2 gas flux and
heir electrical response was recorded, during interaction with the oxidising molecules. At the same time, the changes induced in the film thickness
nd roughness, produced by the “breathing like” mechanism, which characterized the diffusion of the gas in the film bulk, were monitored by

DXR. Comparing the two results, the first direct correspondence between the morphological changes and the electrical response of the sensor was

ound. This also demonstrates that the morphological characteristics of the films are actually related to their sensing behaviour and can therefore
e used, as an alternative to the electrical response, to follow the gas–film interaction process.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Intensive studies have been carried out on metal phthalo-
yanines (MPcs) as molecular electrical conductors and
emiconductors [1–4] due to the fact that they generally
cquire semiconducting (charge carriers) properties when doped
ith electron acceptors or donors. This behaviour, which

s of great importance for numerous technological appli-
ations [5,6], is closely connected to their structural and
lectronic properties. Among the more recently synthesized
stapled-sandwich species”, bis(phthalocyaninato)titanium(IV)
7], [Ti(Pc)2], is intensively investigated [8,9]. Indeed this
olecule, like monomeric phthalocyanines, but unlikely from

ntrinsic semiconducting bis(phthalocyanines) [10], is insulating

hen undoped (σ < 10−12 �−1 cm−1); its conductivity increases
ery much when exposed to NO2, while it is almost insensitive
o oxygen, it exhibits a short response time, a good reversibility
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nd a remarkable selectivity, so that gases such as NO, SO2, CO,
nd NH3 present in the air and the air itself do not produce any
ffect [11]. As a matter of fact, its capability of undergoing rel-
vant and reversible electrical/optical changes upon exposure to
ases such as NO2 makes this molecule one of the most interest-
ng M(Pc)2 for sensing applications [12–14], and it has therefore
een studied by both optical or conductometric techniques.

Studies on phthalocyanine–gas interaction mechanism
llowed to attribute the conduction mechanism to the formation
f a charge-transfer complex formed between a phthalocyanine
onor and an NO2 acceptor, the charge carriers being the holes
roduced in the phthalocyanine matrix [15,16].

Furthermore, many evidences suggest that also the film depo-
ition process strongly affects the sensing properties and this
nfluence differs from MPcs to MPcs, depending on the chemi-
al nature of the phthalocyanine and on the film texture deriving
rom the evaporation process. These observations, indicate that

he phthalocyanine film morphology plays a fundamental role in
he response to gas exposure [17–20] and that the precise control
f the organization and thickness of the films may enhance the
erformance of the device.

mailto:Amanda.Generosi@ism.cnr.it
dx.doi.org/10.1016/j.snb.2007.07.133
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Several theoretical models [21,22] have been developed to
orrelate for instance the electrical behaviour of MPcs films
o the diffusion mechanisms. The morphological response of
he material to the gas has recently been used for explaining
he NO2–Ti(Pc)2 interaction mechanism and the morphological
eversibility of the sensor, and its behaviour as a function of the
as concentrations was investigated [19,23]. Indeed, the NO2
iffuses into the film lattice and this process is favoured by a
eversible surface rearrangement, being a thermodynamic pro-
ess independently on the gas concentration [20]. However, no
imultaneous recording of the electrical response and the change
f morphology upon exposure to NO2 in order to find the cor-
elation between these two processes have been carried so far.
n the present work, the first joint electrical/morphological mea-
urements on the gas sensor devices are reported. In order to
xperimentally correlate the electrical behaviour to the evolu-
ion of the morphological parameters, a series of thin Ti(Pc)2
lms were studied during their exposure to the gas flux.

. Experimental

The Ti(Pc)2 was synthesized following the method described
n a previous paper [7] and, then, deposited as thin films
50–110 nm) on interdigital electrodes (Fig. 1a) by evaporation
n an Edwards A306 coater, at 350 ◦C and at 10−6 Torr, the sub-
trate being at room temperature. Film thickness was monitored
y an Edwards FTM5 film thickness monitor (density 1.428).
he electrode consisted of 40 interdigital pairs of gold fingers,
0 �m wide and spaced 20 �m from each other. The interdigital
lectrodes, as a substrate, are essential to measure conductivity
hanges on weak conducting phthalocyanine (e.g., 10−12 S/cm),
n order to avoid high voltages that would cause electrochemical

egradation at the phthalocyanine–electrode interface.

The experimental equipment used for the joint electrical and
orphological measurements consisted of a plastic cell, used

s a device chamber, which was placed in the centre of the X-

ig. 1. (a) Image of the interdigitated substrates used to deposit TiPc2. (b) Sketch
f the electric circuit used to perform the current vs. time measurements.
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ay reflectometer. In the plastic cell, NO2 gas was introduced
t a concentration of 50 ppm in N2, while the electric current
hrough the electrode was monitored, providing the real-time
esistivity value. At the same time, a sequence of X-ray patterns,
epresenting the intensity reflected by the film, was collected.
rom the analysis of the patterns, the morphological parameters,
amely the thickness and surface roughness of the film, can be
educed and correlated to the resistivity measurements.

X-ray reflectometry is a technique which is sensitive to films
orphology at the angstrom resolution [23]. The detailed the-

ry is reported elsewhere [24] but, at a first approximation, it
an be described using the classical reflection/refraction law,
.e. Snell rule. The rule implies that the reflected X-ray intensity
s a function of the momentum transferred from the radiation
o the atomic electrons of the film, q. Since |q| = aE sin ϑ [25]
where a is a constant = 1.014 Å−1/keV, E the radiation energy
nd ϑ is the scattering angle), the q-scan can be carried out either
y scanning ϑ or by scanning E. The former method is the tradi-
ional angular dispersive mode; the latter is the energy dispersive
-ray reflectivity (EDXR) mode [26], which makes use of a con-

inuum spectrum radiation, for example the Bremmsstrahlung of
n X-ray tube, in which the scattering angle is kept fixed.

Therefore, while the measurement of the electric resistivity
as performed in a standard way (see the following descrip-

ion), the ED technique, used for the reflectivity measurements,
omehow differed from the conventional approach. The EDXR
ethod was preferred because it simplified the experimental

eometry, allowing the simultaneous collection of electrical and
orphological information. Indeed, in EDXR, the scanning of

he reciprocal space was performed electronically by an energy
ensitive X-ray detector, rather than by mechanical movements
f the reflectometer arms. In this way, all problems connected
ith the variable geometry, such as the change of the X-ray beam

ootprint size onto the film, were prevented.
A computer-assisted apparatus with an HP Digital Mul-

imeter (HP 3458A) connected to the electrode, as shown
chematically in Fig. 1b, was used to record current as a func-
ion of time. dc current measurements were performed (100 nA
n 5.5 digits, maximum sensitivity 1 pA) applying 0.8 V to the
i(Pc)2 device and collecting the signal by averaging it over
min time intervals.

. Results and discussion

All measurements were performed under room conditions,
he main interest being to investigate the electrical and mor-
hological behaviours under real working conditions, i.e. in the
resence of air and relative humidity.

The first step in the experimental procedure was a prelimi-
ary current versus time measurement, while fluxing a 50 ppm
O2 gas into the experimental chamber containing the device.
he conductivity variation of the Ti(Pc)2 film during exposure

o NO2 and its electrical reversibility upon chemical and physi-

al treatments (i.e. illumination, thermal treatments, exposure to
eductive agents) was already reported in the literatures [13,14]
ut, in the present case, it was carried out at a higher time res-
lution, in order to discriminate between the two subsequent
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Å−1, and a more accurate calculation was obtained by a Parratt
fit of each spectrum [28]. In this way, the evolution of the diffu-
sion process was monitored, as illustrated in Fig. 4a, through
the real-time observation of the film thickening (“swelling”)
36 A. Generosi et al. / Sensors an

xidation processes, which occurred between the thin film and
he gas. This objective has been reached as shown in Fig. 2 where
he two processes are well distinct. This result further strength-
ns the mechanism already proposed [10] where the charge
arriers, generated by the gas interaction, were well identified
s two chemical species (each one characterized by different
onductivity and colour) which were in equilibrium during the
rocess, as follows:

i(Pc)2 + NO2 ↔ (Ti(Pc)2
+NO2

−) (1)

Ti(Pc)2
+NO2

−) + NO2 ↔ [(Ti(Pc)2)2+2NO2
2−] (2)

The presence of NO2 gas produces in this system two oxidised
pecies, monocation and bication, responsible for the conductiv-
ty increase. Despite both species are present, the monocationic
pecies are the main responsible for the conduction process.

With reference to Fig. 2a, the first conductivity peak
orresponds to the formation of the monocation species
Ti(Pc)2

+ NO2
−). As the reaction proceeds, the equilibrium is

hifted towards the second process and the dicationic species
(Ti(Pc)2)2+ 2NO2

2−], which are not as conductive as the mono-
ationic, coexist with the latter, inducing a slight decrease in
ntensity (Fig. 2b). This dynamic redox equilibrium, which takes
lace between the two cationic phthalocyanine species, corre-
ponds in the conductivity curve to the plateau following the
rst peak.

Finally, as the mobility of the charge carriers decreases,
he conductivity decreases. At this point, the NO2 stream was
nterrupted and N2 (180 nmol/s) alone was fluxed onto the sam-
le (Fig. 2c). According to Eq. (2), the removal of NO2 from
he experimental chamber shifts the overall redox equilibrium

ack to Eq. (1) due to the fact that the monocationic species
Ti(Pc)2

+ NO2
−) become more numerous. As a consequence, a

econd conductivity maximum is reached, followed by a very
low decrease of the conductivity due to the progressive dis-

ig. 2. Variation of the current intensity through a 50 nm thick TiPc2 film
s a function of time when exposed to a mixture of NO2/N2 (20 nmol/s and
80 nmol/s, respectively) and then, to pure N2. (a) The first peak corresponds
o the formation of the monocationic species (Ti(Pc)2

+ NO2
−). (b) Equilib-

ium between the monocationic (Ti(Pc)2
+ NO2

−) and bicationic [(Ti(Pc)2)2+

NO2
2−] species. (c) Introduction of pure N2 to remove NO2.
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ppearance of the charge carriers. Once the reproducibility of
he conductometric behaviour with this new experimental set-up
as verified, the chamber was placed in the X-ray reflectometer.

n this way, it was possible to carry out joint time-resolved mor-
hological/electrical measurements on a series of Ti(Pc)2 films,
ith different nominal thickness, under the same experimental

onditions as already described.
Sequences of reflectivity patterns were collected (the integra-

ion time of each pattern being 9 min) while the oxidising gas
as being fluxed into the chamber. Simultaneously, a current ver-

us time measurement was performed, as described previously.
he time sampling period was chosen to balance the competing
eeds of reducing the noise/signal ratio, while maintaining an
ccurate sampling of the whole oxidising process.

In Fig. 3, a sequence of reflectivity patterns, collected upon
110 nm (nominally) thick Ti(Pc)2 film, is shown as a func-

ion of the scattering parameter q (Å−1) and of time. Kiessig
ringes [27] (oscillations due to the interference between the X-
ay beams reflected at the film surface and at the film/substrate
nterface) are clearly visible. The arrow (Fig. 3) connecting the

inima of the third oscillation shows how, as the exposure to the
O2 molecules proceeds, the oscillation frequency increases.
he shift of the oscillations towards lower q values indicates that
morphological change is taking place during the gas–film inter-
ction, i.e. the film is becoming thicker. The raw estimation of the
lm thickness d can be performed using the simplified formula
≈ 2�/�q (Å), where �q is the oscillation period expressed in
ig. 3. Sequence of reflectivity patterns collected as a function of the scattering
arameter and of the NO2 exposure time. The arrow, connecting the third oscil-
ation minima, underlines the increasing frequency of the fringes as a function
f time.
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Fig. 4. (a) Evolution of the thickness parameter (d) of a 110 nm nominally thick
TiPc2 film as a function of time (t) during exposure to a 50 ppm NO2 gas flux.
(b) The derivative of d vs. t. (c) The current vs. time, collected simultaneously to
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[5] G. Guillaud, J. Simon, J.P. Germain, Metallophthalocyanines: gas sensors,
he morphological evolution shown in (a). The vertical arrows shows that both
rocesses are characterized by the same characteristic time tc and by the same
aturation time ts.

ue to bulk diffusion of the NO2 molecules into the Ti(Pc)2
atrix.
The overall d versus t curve can be well fitted by a Boltz-

ann sigmoid. The time derivative of this fit (Fig. 4b) enables
he characteristic time tc, corresponding to the maximum speed
f diffusion of NO2 into the film bulk, to be calculated easily. In
ig. 4, the first stage of the electrical response is compared with

he morphological changes occurring in the film in the same
ime interval. The information obtained by comparison of the
wo sets of data evidences a direct correspondence between the
haracteristic time of bulk diffusion and that of the electrical
esponse. Indeed, the electrical peak signal related to the forma-
ion of the monocationic species (at tc in curve c) corresponds to
he maximum NO2 diffusion speed (curve b), the characteristic
ime tc being 45 ± 15 min.

This result represents the first experimental observation of the
irect correlation existing between the morphological change in

he film induced by interaction with the gas and the electrical
esponse of the film. Moreover, when the oxidation reaction
etween Ti(Pc)2 and NO2 is driven further, the species in Eqs.
1) and (2) tend towards an equilibrium. As soon as equilibrium
uators B 129 (2008) 134–138 137

s reached, the diffusion process of the gas molecules in the
lm bulk also approaches saturation, at t = ts = 105 ± 15 min in
ig. 4. Indeed, at this point, the conduction sites are saturated,

he mobility of the charge carriers decreases and the conductivity
eaches a plateau at a level slightly higher than the starting value.
he film thickening also approaches its asymptotical value.

The exact correspondence between the two characteristic
imes of the bulk diffusion and the electrical response was ver-
fied by further measurements performed on films of different
hickness. Indeed, the fact that the overall increase in thickness
s proportional to the initial thickness of the film and that the
haracteristic time of the morphological change process scales
ith the film initial thickness, indicates that the gas–film inter-

ction is a pure bulk diffusion process. The same characteristic
as also observed in the electrical response.

. Conclusions

In conclusion, these first joint measurements show the direct
orrelation between the morphological response of the gas sens-
ng device, and the chemical interaction occurring at a molecular
evel between Ti(Pc)2 and NO2. Finally the role of morphology
as been clearly associated to the electrochemical response of
he device and its relevance was experimentally proven.

The results demonstrate the possibility of retrieving infor-
ation on the gas–film interaction mechanism, by measuring

wo independent observable simultaneously, such as electronic
nd structural properties, under real working conditions. This
alidates the use of the EDXR non-conventional technique as
complementary investigation tool when gas–film interactions

re monitored.
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