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This article describes a new principle of transduction involving a heterojunction between a Molecular Semiconductor and a Doped Insulator (MSDI). Herein, we report on an MSDI-based sensor featuring an heterojunction between a lutetium bisphthalocyanine (LuPc 2 ), which acts as Molecular Semiconductor (MS) and a thin film of Doped Insulator (DI) made of substituted or fluorinated copper phthalocyanine (CuF n Pc, where n=0, 8, 16). Previously, we reported the peculiar effect of the heterojunction on the MSDI's electronic behavior, suggesting this device as a new kind of transducer for gas chemosensing. Indeed, of particular significance was the key role of modulator played by the nature of the doped insulator sublayer. While the MS thin film remains the only layer of the sensor exposed to gas atmosphere, the DI's ability to tune the electronic characteristics of the organic heterojunction allows it to drastically affect the nature of the effective charge carriers. In particular, an increase in fluorination of the doped insulator can cause an inversion of the LuPc 2 response towards electron accepting (ozone, ppb level) or donating (ammonia, ppm level) gases. The present work focuses on the structural, electronic and electrical properties of the MSDI heterojunction, which have been studied by UV-Visible spectroscopy, atomic force microscopy, current-voltage measurements and chemical doping, in order to shed some light on this phenomenon. The unique ambipolar nature of LuPc 2 is suggested to be the main property responsible for the MSDI's unique behavior.

Introduction

Interest in molecular materials has been driven in large part by their various and prosperous applications, especially in the domain of organic electronics, where they offer many advantages as well as alternative approaches [START_REF] Bouvet | the Porphyrin Handbook[END_REF][2][START_REF] Rodriguez-Mendez | the Encyclopedia of Sensors[END_REF][START_REF] Mabeck | [END_REF]. This is mainly due to their useful properties, such as a good solubility into common solvents, which allows low-cost and easy processing for applications in devices fabrication. Molecular materials are also incredibly rich and versatile, accounting for the large number of well-known families of low molecular weight organic molecules that can easily form interesting molecular materials [START_REF] Simon | Design of Molecular Materials: Supramolecular Engineering[END_REF]. Phthalocyanines, porphyrins, oligothiophenes, arenes, fullerenes... all of them share unique electroactive properties, which can be tuned almost limitlessly by varying the molecular design, the physico-chemical nature and/or the number of their substituents and when relevant, the nature of the core transition metal, etc.

Among them, phthalocyanine derivatives, either metalated (MPc) or non-metalated (H 2 Pc) are without any doubt highly interesting candidates for the development of thin film sensors and transducers [START_REF] Snow | Phthalocyanines: Properties and Applications[END_REF][START_REF] Valli | [END_REF][8]. In addition to their optical properties -they were first used as pigments -phthalocyanines are endowed with very rich electrical properties. Besides, depending on their chemical nature (central metal, peripheral substituents, etc.) phthalocyanines can behave either as semiconductor or as dopedinsulator (extrinsic semiconductors of n-or p-type) [START_REF] Simon | Molecular Semiconductors[END_REF] A special case is that of bisphthalocyanines (sandwich complexes of rare earth elements), which are stable radical molecules. Specifically, the lutetium derivative (LuPc 2 ) -the first reported intrinsic molecular semiconductor [START_REF] André | [END_REF]11] -50 exhibits an uncommonly high density of free charge carriers (ca. 5.10 16 cm -3 ), with an unusually small energy gap (ca. 0.5 eV) giving rise to quite a high electronic conductivity at room temperature (ca. 5.10 -5 Ω -1 .cm -1 ) [START_REF] Bouvet | the Porphyrin Handbook[END_REF][START_REF] André | [END_REF][11][12][13][14]. Indeed, the conductivity σ of a p-type semiconductor can be 55 approximated by σ = n p eµ p , where n p is the density of the majority charge carriers (holes) and µ p the mobility of carriers.

Both terms are respectively related to the thermodynamics of the material and to structural parameters. The performance of a conductimetric transducer will therefore depend on the variations 60 of those parameters and on the work function modulation [15,16]. Usually, the gas-phthalocyanine interaction mechanism is explained by the occurrence of two successive events: the gas adsorption onto the surface of the film followed by a diffusion process into the bulk [2]. Meanwhile, surface polarization occurs 65 causing the formation of charge-transfer complexes, which then dissociate, thus injecting charge carriers into the material. As a result, the gas-phthalocyanine interaction mechanism essentially leads to a modification of the number of charge carriers within the sensing material, which then reverberates on the measured 70 conductivity.

Although this is well understood when considering strong acceptor gas such as ozone or nitrogen dioxide [17,18], the effect of good electrons donors such as ammonia cannot easily be supported in terms of charge carrier injection. Furthermore, given 2 the countercharge effect that donor species have on p-type materials, the observed conductivity change is likely to be the result of variations in the hole trap energy (variation in charge carrier mobility) or in the charge carrier transport properties, owing to a change in the density of the electronic states [19,20,21]. Either way, both processes result in a change in the measured conductivity, which is taken as the primary source of sensing information.

In chemical sensors, LuPc 2 , owing to its radical nature, can be easily oxidized and reduced. Thus, it has been used as sensing material for the detection of various gases having a wide spectrum of electron donating-accepting properties (oxidizing, reducing and even non-redox active molecules such as the volatile organic compounds, VOCs) [22,23]. Elsewhere, we have used MPcs as sensitive element for the development of chemiresistors-based sensors [24], organic field-effect transistors [25][26][27] and, in recent times, even p-n diodes [28,29]. In addition, high-quality performances as electrochemical liquid sensors for electronic tongues based on MPcs have also been reported [30,31]. In gas sensors, whereas p-type MPcs are well-sensitive to 20 acceptor gases [2,17,32,33], the detection of donor gases is devoted to n-type MPcs [34]. These materials are rather insulators, with energy gaps around 2.0 eV, densities of charge carriers of roughly 10 5 cm -3 and thin film conductivities at room temperature lower than 10 -10 (Ω.cm) -1 , but the doping effect of redox active gases can trigger the creation of a substancial number of extrinsic charge carriers.

From this background, we recently proposed a new principle of transduction based on molecular material heterojunctions, called MSDI for Molecular Semiconductor -Doped Insulator [35]. This new transducer has been patented [36]. It is a simple device formed by a thin film-based heterostructure from unsubstituted or fluorinated copper phthalocyanine Cu(F n Pc) (n = 0, 8, 16), which is in contact with two interdigitated electrodes. The top layer of the device, which is the only material exposed to the outer atmosphere, is entirely constituted of LuPc 2 (figure 1). Henceforth, the corresponding MSDIs will be referred to as F0, F8 and F16, in relation with the characteristic number of fluorine atoms in the phthalocyanine-based material used as sub-layer. Both n = 0 and n = 16 derivatives of Cu(F n Pc) are functional 40 materials commonly used in the field of organic electronics, owing to their efficient hole [37] and electron [38][39][40] transport endowment. However, much less is known about the n = 8 derivative [41]. We recently reported the synthesis of this noncommercially available compound [35]. From both Ultraviolet Photoemission Spectroscopy (UPS) and Inversion Electronic Photoemission Spectroscopy (IEPS) studies [42], it has been established that all three Cu(F n Pc) species possess quite comparable energy gaps. Still, and as a consequence of the rising electron withdrawing effect, the absolute HOMO-LUMO values are systematically bent downwards pursuant to the degree of fluorination of the phthalocyanine macrocycle (i.e. the electronic affinity, EA, increases).

On account of its own electronic properties, LuPc 2 behaves differently in the MSDI heterojunctions depending on the nature of the doped-insulator used as sub-layer. The HOMO and LUMO levels of the Cu(F n Pc) species are compiled in figure 2 and compared to those of LuPc 2 [12,42,43]. Besides the enhanced conductivity of the heterostructures (compared to that of the respective single-layer films), the gas sensitivity of LuPc 2 can be 60 strongly modulated, even inverted, depending on the degree of fluorination (the electron affinity) of the underlying Cu(F n Pc) sub-layer. Albeit a LuPc 2 resistor exhibits a linear behavior of its I-V characteristics, the MSDIs show non linear but symmetrical I-V curves. The energy barrier is higher for F16 due to the nature 65 of the majority charge carriers, namely negative in F16 and positive in LuPc 2 . Fittingly, F8 leads to an intermediate electrical signature.

We also demonstrated previously that the association of other doped insulators to LuPc 2 , in a MSDI heterojunction, provides 70 well-defined gas sensors. Thus 5,5'-dihexyl-α,ω-sexi-thiophene and N,N'-dineopentyl-3,4,9,10-perylenetetracarboxylic -diimide used as sub-layers instead of CuPc or Cu(F 16 Pc), led to wellcharacterized MSDIs of p-type and n-type, respectively [44]. The measured current of the p-MSDIs that were prepared with a 75 p-type doped insulator as a sub-layer increases under O 3 (90 ppb), and decreases under NH 3 (35 ppm). The reverse effect is observed in case of F16. The positive responses of F0 to O 3 and of F16 to NH 3 are shown in figure 3. This electrical behavior is related to the density of majority charge carriers, which increases 80 under O 3 and decreases under NH 3 . On the contrary, n-MSDIs, prepared with an n-type doped insulator as a sub-layer, experience negative responses to O 3 and positive responses to NH 3 , as a result of an increased energy barrier across the MSDI interface. Thanks to the singular redox properties of LuPc 2 used 85 as the top-layer in all the studied MSDIs, all heterostructures display high sensitivity while improvingly lacking the saturation effect observed in LuPc 2 resistors [START_REF] Bouvet | the Porphyrin Handbook[END_REF]17].

The present work entails both fundamental and applied research aspects. So far, MSDI heterojunctions have only been 90 scarcely studied [45] never accounting for the effect of gases despite the fact that sensor characteristics have been known to be impacted by the thin-film structure of the molecular materials [15,46,47].

Henceforth, and along with the fundamental characterization 95 of the electrical properties obtained from the current-voltage experiments we reported previously [35], this article will discuss the structural and chemical properties of the new MSDI devices in relation with their peculiar behavior. Specifically, all hererojunctions will be studied after exposition to high 100 concentration of NO x vapors. Their behavior following exposure to redox active gases such as ozone (O 3 ), the leading oxidizing agent in the urban pollution [48] and to electron donor gas like ammonia (NH 3 ) (to be monitored for indoor pollution control and industrial emission issues management [49,50]), provides 105 valuable information for the future development of new sensors and/or detectors. Along this line and owing to the MSDI's enhanced sensing performances, such experiments unveil new perspectives on the improvements of selectivity profiles, which is one amongst the main drawbacks of all sensor devices. The 110 dependency of the electronic properties of LuPc 2 semiconductor on the effect exerted by the doped insulator layer at the heterojunction level is also studied. reaction of 4,5-difluoro-1,2-dibromobenzene with copper cyanide in dimethylformamide [35].

Devices. All heterojunctions were built by successive deposition of the corresponding molecular materials onto Au/Si (polycrystalline, 1.0 x 1.0 cm) and ITO/glass (1.1 x 0.9 cm substrate, sheet resistance 10 Ω.cm -1 ) interdigitated electrodes (separated by 10 and 75 µm, respectively), by means of classical thermal evaporation (using a VEECO 770 system) from two Tantalum boats, at the rate of ca. 10 -6 mbar, and 2 Å.s -1 . Care was taken not to break the vacuum between each step. The thickness of 100 nm for each layer was controlled by two quartz crystal microbalances located independently in the vicinity of their respective boat. The organic device, in which the LuPc 2 material is the only surface exposed the gases, is depicted in figure 1. Additionally, a LuPc 2 single-layer resistor (100 nm, on 20 ITO/glass) has been prepared to serve as a reference and has been handled in near identical conditions, for comparison purposes.

Samples treatments. In order to oxidize the samples, all newly prepared MSDI underwent extreme NO x vapors treatment (direct exposition to fuming from a nitric acid solution) for 30 minutes prior to UV-vis observation and electrical properties characterization.

UV-vis characterization. The UV-vis spectra of the ITOdeposited samples were registered using a Shimadzu UV-2101 Spectrometer, between 900 and 400 nm. A bare ITO/glass substrate was used as a reference.

Atomic Force Microscopy (AFM): Tapping mode AFM (TM-AFM) images of the ITO-based samples were recorded by the commercially available AFM equipment, Multimode Nanoscope III, at room conditions. 35 Electrical Measurements. All fundamental electrical and sensor measurements were performed at room temperature using a 6517A Keithley electrometer equipped with an embedded DC voltage supply. The electrometer was controlled through a custom-made software relying on a GP-IB bus connection for 40 data communication. Current-voltage (I-V) curves were registered with voltage values ranging from -10 V to +10 V while taking care to start and finish at 0 V bias (in order to avoid any irreversible polarization effect) except for gas sensing experiments, during which the samples were constantly polarized at +1 V. All experiments were performed in dark conditions to avoid any photoelectric effects that may have occurred otherwise.

Gas sources for sensing experiments. Ozone was generated using an analyzer/generator (O3 41M Environment S. A.) capable of supplying a controlled flow of ozone in air at the ppb level (total mass flow: 1.6 L.min -1 ). A flow of clean air was used as purging gas. In case of ammonia, gas from a standard bottle (1000 ppm in Ar, from Air Liquide, France) was diluted with dry Ar using mass flow controllers (total mass flow: 0.5 L.min -1 ) in order to reach stable, controlled and adjustable ammonia 55 concentrations.

Results and discussion

AFM Measurements

AFM provides information on the aspect of the films and will 60 allow us to correlate the optical properties from the studies mentioned below with morphological data. In particular, and given the observed UV-vis features of the MSDI heterostructures exposed in 3.3.2, their involvement in arrangement in films is interesting. The figure 4 illustrates a series of tapping mode AFM 65 images of the F0, F8 and F16 heterostructures deposited on ITO/glass electrode substrates. Line profile analyses are included, in order to assist with the morphological study.

The AFM image of the heterostructure F0 (figure 4.a) reveals a granular structure (polycrystalline aggregates) characteristic to 70 that of phthalocyanine films. In particular, deep pores averaging 45 nm high separate regular-sized LuPc 2 grains. This suggests an upward growth of LuPc 2 from the CuPc substrate. All these features are homogenously distributed across the scanned surface, resulting in a roughness of R q = 15 nm. 75 Somehow, the aspect of the sample F8 is different (figure 4

.b).

In this particular case, given the fact that the polycrystalline grains are shorter and wider, a modified, two-dimensional growth mechanism can be considered. The previously observed porous pattern is now replaced by a smoother surface with a roughness 80 R q = 12 nm. It is worth mentioning at this point that given the complex nature of the device (ITO patterned glass, then Cu(F n Pc), then LuPc 2 ), a roughness of 12 nm is not a very large value. Analysis of the heterostructure F16, however, reveals that the deposition of LuPc 2 over the perfluorinated phthalocyanine 85 leads to a distinctive film morphology (figure 4.c). The actual roughness increases noticeably (R q = 44 nm), resulting in thicker and wider crystalline aggregates than those observed on F0 and F8 heterostructures. This distinct morphology was uniformly found on wider surface scans. Therefore, the Cu(F n Pc) substrates 90 definitely have a template effect for the growth of the subsequent 100 nm thick LuPc 2 film. Cu(F16Pc) is indeed known to form islands with an energetically favored upright-standing orientation [39,40]. This would promote the growth of large polycrystalline aggregates of LuPc 2 from the very first molecular layers, while 95 progressively increasing the roughness of the film [56,57] and its specific surface.

Such topography also corroborates previous observations of CuPc films over ITO [58]. Nonetheless these trends contrast with the less uneven film of LuPc2 in the F8 heterostructure, 100 suggesting that LuPc2 stands in a rather segregated fashion on top of the regular Cu(F8Pc) layer.

The effect of doping on the heterojunctions

UV-vis spectroscopy

105 UV-vis spectroscopy quickly provides valuable structural informations, especially when dealing with phthalocyanine-based thin films [15]. The 400-900 nm region contains some of the most representative absorption bands for both the mono-and bisphthalocyanines, such as the so-called Q-band, which arises 110 between 600-800 nm from the π→π* charge transfer transition of the Pc ring system, and the "blue vibration band" (BV) [59] near 470 nm, which involves the transition e 1 →a 2 (associated with the Semi-Occupied Molecular Orbital (SOMO) of the LuPc 2 neutral radical). The figure 5 represents the UV-vis spectra of the F0, F8, F16 heterostructures. No significant change in both Q and BV bands of LuPc 2 occurs through the series, suggesting that both semiconductors keep their bulk electronic identity at the steady state.

The UV-vis spectrum of the heterostructure F0, exhibits an intense band centered on 672 nm that can be attributed to the typical LuPc 2 Q-band (vide infra). Usually, the Q-band for LnPc 2 10 molecules in their neutral "green-form" is well-defined, with high relative intensities, even when processed in thin film [60,61]. However, this is not always true for films of MPc. Two additional bands around 617 nm and 730 nm (shoulder) can respectively be attributed to the monomer and dimer CuPc Q-band splitting absorptions.

The heterostructure F8, to a large extent, shares a similar UV-Vis band profile. As for F16, an additional band shows up (close to the NIR region, at 787 nm), that could be assigned to a charge transfer-exciton state between pairs of edge-to-edge adjacent 20 molecules within the film [15,62,[START_REF] Basova | I. 130 Igumenov[END_REF]. Such observation is typical to crystalline forms of perfluorinated phthalocyanines [64]. The LuPc 2 Q-band is also much better resolved. This kind of behavior is most probably the result of a specific molecular arrangement of Cu(F 16 Pc).

25

Globally, the LuPc 2 -related Q and BV bands energy seems to remain practically unaltered in the MSDI, whereas their relative intensities, regarding those of the phthalocyanine sub-layers, are distinctively distributed. This is a result of the dependence on the number and the orientation of the nearest-neighbor molecules in 30 the film structure, mainly at the organic interface level [65,66]. Thus confirming the eventuality of a template effects from the Cu(F n Pc) sub-layer on the arrangement of LuPc 2 during the initial stages of growth [67,68]. Ultimately, the effect of the exposure to ozone (a very strong and efficient oxidizing agent) was checked prior to the gas sensing experiments. All samples were submitted to a high concentration of ozone (1000 ppb) for 50 min. Interestingly the doping induced by ozone did not give rise to any noticeable change in the UV-vis spectra of the heterostructures (figure 5). This result implies that all films are quite stable, even 40 after a very strong ozone treatment, which is rather advantageous for a potential use as ozone sensor. Furthermore, this observation also indicates that the effect of ozone remains localized at the surface and that there is no diffusion into the bulk, as previously exposed by one of the authors of this paper, by means of X-Ray Photoelectron Spectroscopy (XPS) [25].

Exposition of LuPc 2 thin films to bromine vapors or to those of nitric acid (hereafter NO x ) has been reported to cause significant alterations in its UV-vis absorption spectrum, leading to the socalled oxidized "red-form" of the bisphthalocyanine [22,69]. 50 Herein a similar experiment was performed on the MSDI with the sole purpose of studying the LuPc 2 /Cu(F n Pc) heterostructures using a different approach, in the hope of obtaining complementary data on the heterojunction effect in MSDI devices. 55 Intriguingly, and despite the fact that a dark green film of radical neutral LuPc 2 material turns reddish after NO x exposure, the original greenish F0, F8, and F16 films turned out to become respectively reddish-purple, dark blue-purple and dark teal. Such observations confirm that the previously reported peculiar 60 properties of LuPc 2 in the MSDI heterojunction [35] are indeed predetermined by the nature of the sub-layer, even though the latter is not exposed to gas atmosphere.

The UV-vis spectra of figure 6 clearly show the modified absorption patterns. For comparison purposes, two spectra of 65 LuPc 2 , before and after undergoing the same doping process, are included as well. The table 1 collects the absorption bands related to the NO x treatment. As a preliminary conclusion, it is now possible to assign the most intense band (the one around 675 nm) to the LuPc 2 Q-band (inset of figure 6), since it is shifted to the 70 neighborhood of 700 nm for all heterojunction in the series.

A more careful analysis of the energy, shape and relative intensity of the UV-vis bands reveals that the behavior of LuPc 2 in its typical red form (when in single-layer) is mainly conserved in F0. This is most probably the result of the juxtaposition of two 75 p-type materials in the heterostructure. The same remark does not apply to F8 and F16, where the use of fluorinated phthalocyanines leads to an increased energy barrier across the junction.

Additionally, the effect of the exposure to NO x on the MPc 80 underlying films is not as drastic as on LuPc 2 , even considering the large amount of time allowed for the NO x doping process. This is especially true for fluorinated MPcs, which seem to sustain negligible changes, accordingly to their marked acceptor character. Evidences to support this claim can be found, for 85 instance, in the steady CT-band of F16 (centered on 787 nm) or in the MPc Q-band (600 nm) for F8. To further investigate this matter, NO x treatment was performed on MPc single-layers (see figure 7). After exposure, the nonfluorinated MPc was the only one to show evident signs of oxidation as seen from the important 90 blue shift and modifications in the intensity of the Q-bands.

I-V characteristics

As expected, the changes induced by the oxidizing vapors of NO x on the UV-vis absorption spectra are translated into particular I-V features. After exposure, the F16 heterojunction 95 turns out to become more resistive by a factor of ten (figure 8), owing to an increase of the energy barrier at the interface between LuPc 2 and the n-type sub-layer. In contrast, the conductivity of F0 is drastically increased, up to more than two orders of magnitude, as a result of the doping effect. Again, F8 exhibits an 100 intermediate behavior, only experiencing a moderate increase of conductivity. These results are in agreement with the distinct electronic densities of LuPc 2 within each heterojunction.

Discussion

It is well-known that following the contact between two 105 molecular materials having dissimilar HOMO and LUMO levels, an accumulation of electron and holes at both sides of the interface occurs (space charge layer), instigating the formation of an interface dipole as well as a band bending [70][71][72][73]. In this respect, recent surface potential measurements have shown that, 110 when forming the heterojunction, an electron displacement from the p-type material to the n-type one occurs [74].

Herein, we are dealing with LuPc 2 , an intrinsic semiconductor, which exhibits a much higher density of free charge carriers than the MPc insulators. LuPc 2 is also endowed with an exceptionally small energy gap, residing almost entirely in-between the HOMO-LUMO gap of the Cu(F n Pc) materials, as depicted in figure 2. This is of crucial importance and as a direct consequence LuPc 2 exhibits an increasingly (decreasingly) accepting (donating) behavior according to the higher (lower) EA in relation with the fluorination degree of the MPc within sublayers. Therefore, the MSDI heterojunctions offer new perspectives, since the bisphthalocyanine acts as a good electron donor (p-type semiconductor) but also, in a non-negligible fashion, as an acceptor. This phenomenon has successfully been exploited in the realization of an ambipolar charge transport (both p-and nchannels) in FETs devices, since the accumulated countercharges can easily be driven towards the active layer of the organic heterojunction [75,76].

HOMO-LUMO energy level considerations also explain why the doping of the semiconducting layer (LuPc 2 ) is capable of changing the electrical response of the MSDIs. In the MSDI devices, only the molecular semiconductor layer is exposed to the atmosphere. Meanwhile, the buried doped-insulator acts as a modulator of the nature of the effective charge carriers, by tuning the electronic characteristics of the organic heterojunction.

Clearly the MSDI heterojunction plays a key role in the device's behavior. This is the basic underlying principle of a new mode of transduction.

In LuPc 2 and CuPc, the majority charge carriers are positive. Thus, the current is mainly limited by the migration of charges through the less conductive material (DI). The effect of O 3 on F0 is to increase the density of the positive charges, which in turn increases the current flowing through the device. NH 3 has the exact opposite effect. The observed current decreases consequently to a drop in number of the majority charge carriers.

Owing to the high electron affinity of Cu(F 16 Pc), electron injection is easier in F16 than in F0. Subsequently, the majority charge carriers are negative in F16. Thus, the high density of opposite charges accumulated at both side of the interface leads to a higher barrier energy and to a lower current. 40 In such case, the MSDI behaves just like two consecutive p-n junctions in reverse disposition (n-p-n) and the current flowing from one electrode to the other is limited by the migration of minority charge carriers through LuPc 2 . Thus, when F16 is exposed to O 3 , the density of positive charges increases in LuPc 2 , leading to an increase of the energy barrier. On the contrary, when F16 is exposed to NH 3 , the energy barrier decreases and the measured current increases. It is even likely that the majority charge carriers in LuPc 2 actually turn from positive to negative because of its ambipolar behavior, being a radical molecular 50 semiconductor.

All the aforementioned morphological and spectroscopic studies explain the behavior and sensing properties of the MSDIs. F0 exhibits a drastic increase of conductivity under ozone, as a consequence of the oxidation of LuPc 2 . The sensing performance 55 of F0 is highly improved thanks to the free holes reservoir at the LuPc 2 /CuPc interface.

On the contrary, F16 exposition to O 3 gives rise to a significant decrease in current, even though the only layer exposed is LuPc 2 . Analogously, ammonia is known to induce a decrease in the 60 conductivity of p-type phthalocyanines [2,24,33,77] while n-type phthalocyanines exhibit a higher conductivity when interacting with this electron donor gas [28,34].

Still, fluorinated phthalocyanines are found to become quite resistive when operating in real-world conditions, since their 65 negative charge carriers are vulnerable to charge trapping by ambiant atmosphere-contained species [28,78,79]. Then again, owing to its natural p-type semiconducting behavior, LuPc 2 exhibits a decreased conductivity after exposition to donor gases. As shown before under ozone, such a well-defined trend is 70 modulated by the effect induced by the Cu(F n Pc) sub-layers.

When exposed to 35 ppm of ammonia in Ar atmosphere, a value that is lower than the usual detection threshold of indoor air quality monitors [50], each MSDI device exhibits a response of its own. Both F0 and F8 experience a drop in conductivity, a 75 similar behavior to that of LuPc 2 single-layer devices. However F8 exhibits lower drop than F0. In contrast, F16 displays a totally reversed response. The current rises and the sensitivity is drastically increased.

Conclusion 80

In this work, we investigated the structural characterization, UV-vis spectroscopy, chemical doping effects and the sensing behavior towards both acceptor (O 3 ) and donor (NH 3 ) gases of the MSDI Heterojunction, with emphasis on understanding the recently exposed interface effects [35] in relation with the unique 85 electronic properties of LuPc 2 and its role in the peculiar response of the MSDI towards both electron accepting and donating species.

Both I-V and UV-vis studies bring new perspectives towards an exciting scenario regarding the sensing properties of the 90 heterojunctions and their potential application as a new kind of gas transducers. Furthermore, from this work, it appears that investigating the electrical response of the heterojunctions subsequently to controlled exposition to electron accepting and donating atmospheres opens the door to a new line of research. It 95 seems to be an excellent way towards accessing the fundamental properties of these devices, and broadly, could provide new means of studying heterostructures and junctions in the field of organic electronics fundamental research. In addition, and in the field of applied research, MSDI heterostructures had never been 100 considered as gas sensor. Although the MSDI samples investigated in this article require an additional optimization stage for real-world applications, they do raise new perspectives in the field of organic-based gas sensors and detectors while offering the hope for improved performances (compared to that of the 105 well-known single-layer chemiresistors).

Moreover, the MSDI heterojunction setup allows for tuning the electrical behavior of the compound interacting with the gas atmosphere. In particular, a variation in thickness of both layers will yield distinct morphologies. This should strongly influence 110 both the electrical behavior and the sensing performances of the new transducer. Not only can this be accomplished with traditional molecular materials, such as phthalocyanines, but it can also be done with other electroactive materials [44] that possess different properties.
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