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The morphological changes induced in (RuPc); gas sensing thin films by hydration and de-hydration pro-
cesses were investigated. Prior to this study a preliminary characterization was performed by conductivity
measurements upon exposure to NO, gas fluxes, to verify the electrical sensing response of the films. This
response was correlated to the bulk morphological modification of the films. Subsequently, the effect of
external moisture on the morphological stability of the films was addressed. This morphological charac-
terization of the films was performed by using the energy dispersive X-ray reflectivity (EDXR) and atomic

sg(v;ords" force microscopy (AFM) techniques, both ex situ and in situ, i.e. under operating conditions, during expo-
Gas sensors sure of these films to 100% of relative humidity. The measurements allowed an accurate observation of
(RuPc), both the surface morphology (i.e. its roughness obtained independently by EDXR and AFM). Moreover bulk
Morphology evolution of the films was obtained by in situ EDXR and the morphological changes allowed to retrieve

information on the water uptake dynamics. Moreover, the reversibility of the water/film interaction was

studied and correlated to the sensing properties of the (RuPc),.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Metallophythalocyanines (MPcs) [1] are multipurpose synthetic
electroactive materials with peculiar electronic and structural char-
acteristics, which show semiconducting and non-linear optical
properties. In particular, the electrical properties of MPcs are mod-
ulated upon exposure to gases such as NO, or ammonia [2,3], and
this phenomenon has led to an interest in developing gas detec-
tors using Pc derivatives as the chemically sensitive component
[4,5]. Recently, it has been proved that the chemical nature of
the sensitive layer is not the only feature to take into account, in
order to improve the sensor performances [6]. Indeed, morphol-
ogy of the active layer (thickness and roughness) strongly affects
the response/recovery times and the behaviour of MPcs at room
temperature as well as at high temperatures [7-9]. Recent studies
demonstrated that suitable thermal treatments are able to stabilize
the morphology of these materials [10]. This stabilization results
in an improvement of response time, of recovery rate and of the
behaviour at room temperature. However, this is not the case for
properties like selectivity and sensitivity that, even after thermal
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treatments, still need to be improved. Indeed, they may be affected
by external agents, such as chemical interaction occurring between
MPcs and molecules present in the environment together with the
chemical agents to be detected. In this contextitis important to clar-
ify the effect on the sensor performances of water vapour, always
present, to some extent, in the ambient atmospheres where the sen-
sors operate [11]. In this work, the morphology changes induced
by humidity and the effect on the sensing capability of a spe-
cific MPc are investigated. A (RuPc), thin film, which exhibited an
enhancement of its sensing properties as a consequence of thermal-
induced morphological stabilization, was chosen as a reference
system [12,13]. The evolution of the film morphological parame-
ters during the interaction of water molecules with the Pc films
[11,14] was followed by means of both in situ time-resolved energy
dispersive X-ray reflectivity (EDXR) and atomic force microscopy
(AFM).

2. Experimental

X-ray reflectivity is highly sensitive to electron density gra-
dients, regardless of the structure of the system investigated
(crystalline, amorphous, etc.). Moreover, it is also one of the few
methods that enable one to calculate the roughness of both the
free surfaces and the interface(s) with great accuracy, together
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with the thickness of various layers that compose a stratified spec-
imen [15,16]. This experimental technique was used in the energy
dispersive mode, which is particularly advantageous when in situ
time-resolved measurements are performed. A reflectivity mea-
surement consists of collecting the reflected intensity as a function
of the scattering parameter, g=4nw sina/A=KEsina (K=1.014 is a
constant value, E the radiation energy and « is half the scattering
angle), which depends on the radiation energy and the scattering
angle. It follows that two methods are available for carrying out the
q scan and reflected intensity profile as a function of g [17]. The
first is to use a monochromatic beam (fixed energy), for instance
a fluorescence line produced by a laboratory X-ray tube, and to
make an angular scan, called angular dispersive (AD) mode. The
second consists of utilizing a continuum spectrum radiation, for
example the “bremsstrahlung” (braking radiation) of the same X-
ray tube (often called white beam in analogy with visible light), and
to maintain the scattering angle fixed during the reflectivity pattern
collection, often reported as the energy dispersive (ED) mode [18].
The main advantage is that the experimental geometry remains
unchanged during data collection, which greatly simplifies in situ
time-resolved studies [19,20].

The reflectometry measurements were performed by a
non-commercial energy dispersive machine [17] that, from a
geometrical point of view, is similar to a conventional angu-
lar dispersive one, the main differences being the absence of
monochromator and the use of an X-ray spectrometer as a detector.

An ordinary X-ray W anode tube was used as the radiation
source. The non-monochromatized radiation is collimated by an
adjustable slit and directed onto the sample. After being reflected,
it is collimated again by a further two slits and, finally, acquired by
the energy sensitive detector.

The X-ray detector is an EG&G solid-state device (SSD) whose
sensitive part is a semiconducting high-purity germanium single
crystal, capable of determining the energy of each incoming photon.

Especially designed environmental chambers were mounted on
both the reflectometer and the AFM. They allow the relative humid-
ity (RH) to be maintained at a stable level or, alternatively, to flux
drying inert gases (N, ) onto the samples.

The (RuPc), films were deposited by sublimation of a (RuPc),
powder on a Si (111) wafer in a vacuum chamber (10~5 mbar
to 106 mbar) [21]. The powder is characterized by a crystalline
nature and by the contamination of pyridine molecules which are
entrapped into the lattice. The powder holder is heated by a heat-
ing resistor and a shutter is kept closed until a 300-°C temperature
is reached, to protect the Si substrate to avoid the deposition of
undesired contaminating molecules. Indeed at this temperature
the sublimation of the pyridines destabilizes the crystalline struc-
ture of the (RuPc), powder, this process being responsible for the
amorphous nature of the deposited film [22,23]. When the temper-
ature reaches 320 °C the shutter can be removed and the deposition
begins. The temperature progressively grows, and consequently the
deposition rate, up to a limit of 500°C at which the (RuPc), pow-
der decomposes. The growth is monitored by an Edwards FTM5
quartz crystal balance, by measuring the change in its resonance
frequency consequent to its exposure to the (RuPc), flux during the
film deposition. When the desired thickness is reached, the shutter
is closed and finally when the deposition chamber is cooled down
to 30-35 °C the pressure is turned back to the atmosphere value.

3. Results and discussion

At first, as a preliminary sensitivity test, time-resolved con-
ductivity measurements were performed upon (RuPc); thin films
exposed to NO; gas fluxes. Indeed, in previous works it was proven
that the diffusive bulk interaction between the phthalocyanine -

electrons and the oxidizing gas modulated the device response
to NO, on a morphological basis [7-10]. Now confirmation of an
electrical response is required.

The devices were produced by sublimating the (RuPc),
powder onto interdigitated Au electrodes under vacuum. No post-
deposition annealing was performed on the films since this method
stabilizes the structure and morphology of the samples, altering
their natural behaviour towards gas molecules, which is not the aim
of this work. Two-contact electrical measurement was performed
by applying a 0.8-V voltage across the electrodes and collecting the
current intensity values as a function of NO, exposure time.

The test measurements were performed by maintaining a
20 nmol/s NO, (50 ppm) in 180 nmol/s N, gas flux and in Fig. 1 the
electrical response of a 65-nm thick (RuPc), film is plotted as an
example. In the inset of Fig. 1, the ex situ reflectivity patterns col-
lected on the film before and after exposure to the NO, gas flux are
shown. Indeed, the variation of the oscillation frequency (enhanced
by the arrows connecting the third minima) and of their damping is
visible. This modification is due to the change of the film thickness
(d)and roughness (s), respectively, as a consequence of the film-gas
interaction [7-10]. The Parratt fit [15] of the reflectivity patterns
allowed to deduce the initial and final thickness and roughness
of the film: Ad=3.5(5)nm and As=1.00(5)nm. The overall con-
ductivity change proved to be easily detectable, the characteristic
response times being comparable to those observed in other Pc sys-
tems which have been patented as NO, sensors [24]. Moreover the
electrical response was found to be related to a morphological vari-
ation of the film, as observed in other phthalocyanine systems (TiPc
devices)[25]. It follows that morphology is an important parameter
to control and, therefore, the further investigations in the present
study focused on the morphological response of the film.

In the following, AFM was used in situ, in combination with ex
situ EDXR measurements, in order to follow the real-time structural
changes induced on a (RuPc), gas sensing film by the presence of
ambient moisture which has been proved to be one of the most
interfering factors for the MPc sensing systems [11].

Ex situ measurements, performed upon a (RuPc), film before
and after exposure to a 100% RH atmosphere are reported in Fig. 2.
The comparison between the reflection pattern of the as-deposited
sample (upper curve), and the pattern collected after the film was
exposed for 12 h to an atmosphere, at the dew point (lower curve)
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Fig. 1. Electrical conductivity variation of a (RuPc), device when exposed to a 50-
ppm NO; gas flux in 180 nmol/s of N, driving gas. In the inset, the reflectivity profiles,
collected before (lower curve) and after (upper curve) the exposure to the pollutant,
clearly show that a morphological rearrangement of the film has occurred (shift of
the oscillations).
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Fig. 2. (a) Reflectivity patterns collected upon a 50-nm nominally thick (RuPc),
film before (upper spectrum) and after (lower spectrum) a 12-h exposure to a 100%
RH atmosphere. The shift of oscillations maxima toward lower g-values and their
damping reveal that morphological changes have occurred.

reveals that morphological changes occurred. In particular, by a
quantitative Parratt analysis of the patterns [15], the initial and final
thickness (d)and roughness (s) resultin the values of d; =42.5(5) nm
and d¢=46.3(5)nm, s; =0.40(5) nm and s¢= 1.00(5) nm. The interac-
tion involves both the film bulk and its surface: indeed a relevant
increase of the total thickness, consistent with a diffusion process,
is observable and the film roughness is strongly affected. Indeed
the (RuPc), films are known to absorb/desorb gas molecules with
a “breathing-like mechanism”, the lattice swelling being approx-
imately 5% of the initial film thickness. In this case, however, the
swelling appears to be much more consistent (ca. 10%), indicat-
ing that the water molecules widely diffuse into the lattice maybe
affecting the mechanical recovery capability of the lattice.
Subsequently, in order to monitor the real-time evolution of
the interaction between the (RuPc), film and the H,O molecules,
time-resolved AFM images (3 wm x 3 um) were collected from the

(a) (b)

(d)

B

same area under saturated humidity conditions. The experimen-
tal parameters were set in order to acquire an image every hour.
A sequence of such images was collected to sample the same area
and thus observe the surface changes in real time.

In Fig. 3, the initial image, collected on the as-deposited film, is
compared with those obtained after the (RuPc), was kept for 1-5h
(Fig. 3b-f) in a 100% RH atmosphere. A black circle is drawn on
a clearly visible granular domain that can be taken as a reference
point. In this way, it is shown that no shift of the images occurs and
the same portion of the surface is sampled in each micrograph.

Focusing on this zone, which represents a raised structure on the
(otherwise almost flat) surface, the effect of the water vapour-film
interaction is clarified. The other parts of the surface gradually swell
until the whole film is covered by structures similar to that in the
circle.

The structure in the circle was identified as a defect and its
characteristic dimensions (RMS-mean) strongly differ from the
parameters corresponding to the as-deposited film. However, the
film surface evolves over time and its characteristic dimensions
grow similar to that of the defected zone. Moreover, an ordered
texture appears, consisting of parallel stripes (average dimensions:
0.25-pm wide x 1.5-pm long x 30-nm high) that arise during the
water vapour uptake. Analysing highlights of the image sequence,
it is clear that the texturing is due to the swelling of the initially
smooth surface, as will be discussed later in the text. This observa-
tion suggests that the water molecules diffuse into the film lattice,
the surface growing effect not being related to random surface
adsorption, but to the swallowing of the under laying (RuPc); bulk.
However, due to the 100% RH, a dynamic equilibrium occurring onto
the surface must be taken into account, even when the (RuPc),/H,0
interaction saturates, as testified by the good overlapping of the
image collected after 5h and the one obtained after 12 h appreci-
ated by the naked eye. To extrapolate the accurate time evolution of
the surface roughness (Rms), the analysis of the AFM images was
carried out by calculating the average Rms on the whole image,
after correction of the experimental artefacts. The evolution of this
parameter as a function of the 100% RH exposure time is shown

38nm

Onm

58nm

Onm

Fig. 3. AFM images (3 wm x 3 wm) collected during the exposure of a (RuPc); film (the same sample of Fig. 2) to a 100% RH. (a) The as-deposited film micrograph is shown;
(b-f) the micrographs after 1h, 2h, 3h, 4h, and 5 h, respectively. The images (e) and (f) perfectly overlap, indicating the humidity-film interaction is concluded and the film

is saturated with water.
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Fig.4. Time evolution of the Rms, as deduced by the quantitative analysis of the AFM
images, as a function of exposure time to the 100% RH atmosphere. The continuous
line represents the Boltzmann fit of the roughness increase, calculated from these
images.

in Fig. 4. As expected the trend is perfectly fitted by a Boltzmann
growth, the characteristic time of the process being about 4 h, and
the complete saturation actually corresponding to 7 h.

The films were subjected to different processes in order to
establish whether the water uptake was a completely reversible
process, and to evaluate its interference with the (RuPc), gas-
sensing capability. At first, a standard cleaning procedure, fluxing
N, gas molecules (200 nmol/s) into the experimental chamber in
order to dry the film, was performed: both the (RuPc), morphology
parameters (d and s measured by EDXR) and the AFM topography
remained unchanged. Afterwards the (RuPc), film was submitted
to a 24-h heating at 50°C under controlled atmosphere (N, gas
flux, 200 nmol/s), to ensure the desorption of any water molecules
without inducing further thermal effects on the film’s structure and
morphology.

To monitor the morphological changes induced by the ther-
mal treatment, the heating was carried out in a special oven
designed for this purpose, which allowed the real-time acquisition
of reflectivity patterns. In Fig. 5, the sequence of the spectra col-
lected over 24 h is shown, the time resolution of each acquisition
being 15 min. As evidenced by the arrow connecting the minima
of the third oscillation, a compression of the fringes occurs dur-
ing the first hours of the thermal treatment, and subsequently the
patterns tend to an asymptotic shape corresponding to the new
steady condition. By the Parratt fitting of each pattern, the thick-
ness and roughness variations were deduced as a function of time
(see Fig. 6). Both parameters show an exponential decay, the char-
acteristic times being 74=(0.50+0.25)h and t45=(0.80+0.25)h,
respectively. The average thickness and roughness loss corresponds
to Ad=1.00(5)nm and Ao =0.15(5)nm. These values are consis-
tent with partial desorption of the water molecules confined into
the first film layers from the surface.

Indeed, new AFM images collected after the thermal treat-
ment are perfectly comparable to the previous ones, although the
explored zone on the surface is not the same as Fig. 2. Since the film
deposition is extremely uniform, this is an evidence that the surface
has turned back to its original shape. In Fig. 7, 2 wm x 2 um images
collected before water uptake (a), after saturation (b) and after ther-
mal treatment (c) are plotted in the form of 3D maps. The first and
last images represent a clean, finely textured surface. This is a fur-
ther evidence that the surface desorption has taken place during the
50°C thermal treatment. Moreover, it is also clearly visible that the
water uptake has been mainly a bulk effect, inducing the swelling of

Reflected intensity (a.u.)

Time (h)

50°C
0.04 0.06 0.08 0.10
Scattering parameter (A1)

Fig. 5. Sequence of reflectivity patterns, collected upon the (RuPc); film, as a func-
tion of the scattering parameter q and of time, during a thermal treatment at 50°C.
The arrow connecting the fourth minima of the oscillations evidences the morpho-
logical changes occurring.

the underlayer film lattice. Indeed, the parallel stripes arising after
saturation (Fig. 7b), perfectly correspond to the coalescence of the
initial granular structure retaining the lamellar preferential growth
that is evidenced by an arrow in Fig. 7.

These considerations further support the hypothesis of water
bulk diffusion and of consequent swelling of the film structure.

In order to achieve the complete desorption of water molecules
from the (RuPc), bulk, the same procedure which is usually used to
reset the material after a gas sensing cycle, was applied, to guaran-
tee that no modifications may be induced by the external physical
treatment.

The sample was submitted to two consecutive thermal
treatments at 100°C and 130°C, respectively under controlled
atmosphere (24 h each) collecting EDXR spectra (15 min each) dur-
ing the whole procedure, as shown by the sequence of patterns
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Fig. 6. Time evolution of the morphological parameters thickness (d) and roughness
(s) as obtained by the accurate fitting of each reflectivity spectrum shown in Fig. 5.
The continuous lines are the exponential decays fitting the morphological evolution
of the (RuPc); thin film during hydration.
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Fig. 7. AFM images collected upon (A) the as-deposited (RuPc), film, (B) after its exposure to 100% RH and (C) after its exposure to 100% RH and a subsequent thermal
treatment at 50 °C for 24 h. In (C), a substantial decrease of the film roughness with respect to (B) can be noticed.

plotted in Fig. 8. These temperatures were chosen since 100 °Cis the
H, O critical evaporation point and 130 °C has proven to be a criti-
cal temperature for the (RuPc), inducing structural rearrangements
[10].

As indicated by the arrow connecting the second minimum
of the first oscillation (moving towards higher g-values at first
and to lower g-values subsequently), the film morphology changes

Time (h)

Reflected intensity (a.u.)

0, 100°C

0.04 0.06 0.08
Scattering parameter (A1)

Fig. 8. Sequence of reflectivity patterns, collected upon the (RuPc); film, as a func-
tion of the scattering parameter q and of time, during two subsequent thermal
treatments at 100°C and 130°C, respectively. The arrow connecting the first min-
ima of the oscillations evidences the morphological changes occurring during the
thermal treatment.

dramatically during the first 4h of the thermal treatment. This
qualitative evolution was quantified (Fig. 9) by the accurate Par-
ratt fitting of each spectra, deducing the thickness and roughness
time evolution during the isothermal treatments. The changes can
be summarized as follows:

(1) A sigmoidal thickness increase (Ad=3.50(5)nm), with a
characteristic time of 7(d)190- =(0.90+£0.25)h occurs; the
roughness remains stable. This indicates that the applied ther-
mal energy is transmitted to the entrapped water molecules,
enhancing their mobility and inducing a bulk rearrangement
resulting in a thickness increase. The surface is not involved in
this bulk process.

(2) Subsequently a
decrease occurs

thickness and roughness exponential
(Ad=1.00(5)nm and As=0.20(5)nm)
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Fig.9. Time evolution of thickness and roughness as obtained by the accurate Parratt
fit of each EDXR spectrum shown in Fig. 8.
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with a characteristic times of t(d)" 190> =(5.00£0.25)h
and t(s)"100° =(4.75 £0.25) h, respectively. This phenomenon
is analogous to the one occurred when the same film was
submitted to the 50°C thermal treatment, despite the time
scale is now wider. Indeed, the first layers of the film and its
surface are involved (the characteristic times of the d, the o
evolutions being coincident) and released entrapped water
molecules. Due to molecules enhanced mobility and film
rearrangement induced by the thermal energy (as described
above), a layer of molecules was able to move towards the film
surface and to desorb overcoming the film’s mechanical surface
adhesion.

(3) Finally, saturation of the thickness and roughness parameters
occurs, the main values remain constant during the further
100°C thermal treatment. The saturation remains stable also
when the subsequent 130°C thermal treatment is performed.
This indicates that the bulk rearrangement is concluded and
that the entrapped water molecules are confined into the
bulk, thus not being able to escape from the film lattice any
longer. When the temperature is enhanced to 130 °C, which has
been proved to be a critical temperature for (RuPc), inducing
structural stabilizing effects, the film bulk and surface are not
influenced, the water molecules still being entrapped into the
lattice. This is an hint indicating that the prior water uptake and
the subsequent thermal treatments have degraded the (RuPc),
molecules packing thus inhibiting any further reset of the sens-
ing material.

When the film was at room temperature, the morphological
changes due to water uptake still remained, regardless of the sam-
ples thermal history, indicating that the process is irreversible.

4. Conclusions

In conclusion, in situ electrical measurements and ex situ EDXR
experiments were performed on (RuPc), film-based devices, to
verify the film sensor properties and the associated morpholog-
ical variations. Subsequently, the work focused on an important
aspect of the application of gas sensors: the problem of interfer-
ing agents (namely H,0). The approach used was based on the
study of the morphological properties of the system, by EDXR and
AFM measurements. The result demonstrated the sensitivity of
(RuPc), films towards water molecules, thus inhibiting its potential
as sensing material under conditions of high relative humidity. The
(RuPc),/H,0 interaction was investigated to provide information
about the mechanism of water uptake, resulting in an irreversible
bulk diffusion. Indeed, contrary to what happens when the gas
sensing mechanism is activated, the water uptake process cor-
rupts the mechanical properties of the film matrix, thus inhibiting
its sensing potential. Finally, different thermal treatments were
applied to the system in an attempt to find a recycling reset
procedure, but once more the (RuPc);/H,0 system proved to be
irreversibly corrupted. Indeed, the film structure and morphology
were deteriorated by the water uptake and were not subsequently
regained.
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