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Facile integration of single crystalline phthalocyanine nanowires 
and nanotrees as photoenhanced conductometric sensors 
A. Nicolás Filippin,a Ángel Campos-Lendinez,a Juan Delgado-Alvarez,a Gloria Moreno-Martinez,a 
Javier Castillo-Seoane,a Víctor J. Rico,a Vanda F. Godinho, Ángel Barranco,a Juan R. Sanchez-
Valencia,a* Ana Borrasa*

This article presents a reproducible and affordable methodology for fabricating organic nanowires (ONWs) and nanotrees 
(ONTs) light-enhanced conductometric O2 sensors. The protocol is based on a solventless procedure for the formation of 
high-density arrays of nanowires and nanotrees on interdigitated electrodes. The synthesis combines physical vapour 
deposition for the self-assembled growth of free-phthalocyanine nanowires and soft plasma etching to prompt the 
nucleation sites on the as-grown OWNs to allow for the formation of nanotrees. Electrical conductivity in such low-
dimensional electrodes is analysed in the context of density, length, and interconnection between nanowires and nanotrees. 
Further, the electrodes are immersed in water to improve the nanowires' connectivity. The response of the nanotrees as 
conductometric O2 sensors is tested under different temperatures (from room temperature to 100 ºC), demonstrating that 
the higher surface area exposed by the nanotrees in comparison with polycrystalline thin film counterparts, effectively 
enhances the doping effect of oxygen and increases the response of the ONTs-based sensor. Both organic nanowires and 
nanotrees were applied as model systems to study the enhanced response of the sensors provided by illumination with 
white or monochromatic light to the organic semiconducting systems. Interestingly, the otherwise negligible sensor 
response at room temperature can be activated (On/Off) under LED illumination, and no dependency on the illumination 
wavelength for the visible range was observed. Thus, under low-power LED illumination with white light, we show a response 
to O2 of 16 % and 37 % in resistivity for organic nanotrees at room temperature and 100ºC, respectively. These results open 
the path to developing room temperature long-lasting gas sensors based on one and three-dimensional single-crystalline 
small-molecule nanowires.

Introduction
The necessity for gas sensors operating at room temperature is 
a critical area of research, addressing the need for low-cost, 
low-power, portable, flexible and highly sensitive devices that 
could be integrated into modern electronic gadgets and 
wearables.1 Traditional metal-oxide semiconductor-based 
sensors suffer from high operating temperatures, limiting their 
practical use.2 The use of 2D materials such as graphene or 
MXenes for gas sensor applications has shown potential for 
flexible, room-temperature applications.3  Hybrid approaches 
combining graphene or MXenes with more sensitive sensing 
materials such as metal oxides4 or 2D transition metal 
dichalcogenides5 have shown the potential to enhance 
sensitivity and selectivity.3 
In this context, organic-based sensors, including small 
molecules and polymers, offer the advantage of molecular 
design for achieving specificity to specific analytes.6–8 
Moreover, the strong dependence of the physical properties of 
these organic building blocks on external conditions allows the 
fabrication of a wide range of sensors such as temperature, 

radiation, pressure, and chemical, among others.7,9–13 These 
transducers can be used to monitor vital internal body 
parameters related to healthcare14–16 or external ones such as 
environmental agents (both hazardous and vital ones),7,8 
opening the possibility for an entire sensing ecosystem. Among 
the different types of possible sensors, organic gas sensors pose 
an attractive near future and more realistic possibility for their 
implementation in commercial devices. Some of the major 
drawbacks associated with the use of organic semiconductor 
molecules are their chemical degradation (stability) against 
some gaseous agents and long-term reliability issues.6,17–20 
However, in contrast to their inorganic counterparts, organic 
molecules offer enormous structural flexibility and diversity 
through molecular engineering, which, along with improved 
device fabrication, offers the chance to overcome these 
problems. Moreover, they can exhibit considerably higher 
sensitivity and selectivity, lower operation temperature (even 
at room temperature operation), and shorter response and 
recovery time than commonly used metal oxides.21–23 
Organic π-conjugated small molecules such as phthalocyanines 
have been one of the most studied families of organic 
semiconductors in gas sensing due to their tailorable chemical 
structures, mechanical flexibility, and good chemical and 
thermal stability.24–26 These molecules are processable in 
vacuum to produce high-quality amorphous or crystalline films 
on various substrates, further facilitating the fabrication of 
sensing devices. The conductivity of phthalocyanine films (the 
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Supplementary Information available: Schemes of the ONW growth, additional SEM,  
electrical and sensor reponse characterization, Light power densities and spectral 
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great majority are p-type semiconductors) at room 
temperature in air is relatively low, but when temperatures are 
raised above 100 ºC, the conductivity increases significantly.27,28 
The exposure of metal phthalocyanines (MPcs) to electrophilic 
gases such as NOx, Cl2, F2, BF3, or O2 produces an increase on the 
holes concentration in the film and a consequent increase in 
conductivity.29–31 On the other hand, reducing gases, such as 
NH3, tend to decrease the conductivity attributed to electron 
donation from the reducing gas to trap charge carriers.27,28 The 
interaction of analytes with the metal center in 
metallophthalocyanines (MPcs) modifies the material's charge 
distribution, altering its resistance and enabling gas detection. 
27–34 Furthermore, the metal center's electronic properties can 
be tailored to optimise the sensor's response to specific gases.  
For instance, zinc phthalocyanine (ZnPc) has shown potential in 
detecting complex analytes, including chemical warfare 
agents.35  The rational selection of the metal center, combined 
with the conjugated structure of phthalocyanines, contributes 
to the selective and sensitive detection of various gases.27–34

In the case of metal-free phthalocyanine (H2Pc), it is 
hypothesised that electrophilic species, including oxygen, are 
adsorbed on the molecules by weak interactions with the four 
meso-nitrogens or by hydrogen bonds to the two inner 
hydrogens, leading to a slight conductivity increase, although 
not as pronounced as in MPcs.27–34 The adsorption of analytes 
to phthalocyanines is considered to occur exclusively at the very 
surface of the films due to steric hindrance related to the 
tightness of the phthalocyanine crystal structure.27,36 In this 
sense, phthalocyanine nanowires (NWs) should provide a 
unique opportunity to enhance the sensing properties of these 
compounds owing to the larger surface area exposed to the 
analyte compared to the usual thin film approach.13,29,37 
However, most studies on phthalocyanines as gas sensors are 
restricted to thin films or the single-wire field effect transistor 
(OFET) operation.24,38–41 This latter approach, although with 
proven advantages such as high sensitivity and field-driven 
tunable selectivity, fails in a readily large-scale application since 
it relies on expensive and multistep procedures, including the 
synthesis of the transductors, photo or electron beam 
lithography and/or nano-handling of the organic nanowires to 
build the sensor device.42–45 
In such a context, we demonstrate herein a highly reproducible 
and affordable methodology for fabricating gas sensors 
consisting of high-density arrays of H2Pc single crystalline 
organic nanowires (ONWs) synthesised by vacuum deposition 
on metallic electrodes. Our protocol has been exploited in the 
last years for the growth of ONWs on processable and 
functional substrates such as metal (Au, Ag and Cu) and metal 
oxide (TiO2, ZnO, SiO2, FTO, and ITO) on silicon wafers, fused 
silica plates or polymeric supports (PDMS, PET).46–57 Thus, 
contrary to most of the results in previous literature, where the 
transfer of the 1D nanomaterials to different substrates to 
assemble the sensors is usually required,29,42–45,58 here we 
present the direct fabrication of ONWs on Pt interdigitated 
substrates decorated with gold nanoparticles. It is important to 
outline that the sensor mechanism itself is not intrinsically 
dependent on the use of Pt or Au. In practical applications, cost-

effective alternatives, such as other low-cost nanomaterials (Cu, 
Al), could replace these components without significantly 
compromising sensor performance. In addition, we explore 
different strategies to increase sensor sensitivity. We compare 
the single crystal nanowire array sensor response to 
electrophilic (O2) and inert (Ar) gases with the performance of 
high surface-area organic nanotrees (ONTs) and highly 
interconnected wires processed by introducing an additional 
liquid evaporation route. Finally, organic nanowires and 
nanotrees serve as model systems to study the enhanced 
response of the sensors provided by illumination with white or 
monochromatic light to the organic semiconducting systems.

Experimental
Sensors fabrication. Commercial electrodes (Micrux) with 15 
pairs of interdigitated Pt microelectrodes separated by 10 µm 
were used as received. Pt electrodes were chosen primarily due 
to their stability, reproducibility, and ready availability in our 
laboratory. While alternative, cost-effective metals such as Cu 
or Al could also be employed, Pt offers a significantly lower 
surface oxidation state, which is advantageous for research 
purposes. Before the sublimation of H2Pc, gold seeds were 
deposited to provide the necessary roughness for the growth of 
ONWs.46–49 The metallic seeds were deposited by magnetron 
sputtering under Ar atmosphere at 0.1 mbar employing an 
Emitech K550 sputter coater equipped with a gold target of 60 
mm diameter. The use of Au nanoparticles on Pt electrodes 
promotes the formation of discrete nanoparticles due to 
favorable wetting characteristics, unlike Au on Au substrates 
(for example, in case Au electrodes are chosen), which often 
result in thin films. To avoid conduction through the Au NPs, the 
deposition was performed at 12.5 mA for 10 seconds, assuring 
the formation of isolated nanoparticles on the pre-patterned 
electrodes (see Figure S1 in the Supplementary Information). 
For the sublimation of H2Pc (29H,31H-Phthalocyanine, Sigma-
Aldrich, 98% purity), the base pressure was 10-6 mbar, and the 
Ar pressure during deposition was set to 0.02 mbar. A Knudsen-
type cell was used for the sublimation (model LTE 01 supplied 
by Kurt J. Lesker), and the temperature was controlled to obtain 
a constant deposition rate of 0.5 Å/s measured by a quartz 
crystal monitor (QCM). The sample-to-evaporator distance was 
6.5 cm, and the substrate temperature was 170 ºC. The nominal 
thickness of the primary ONWs was set to 3 kÅ (measured by 
QCM). 
For the growth of the Organic Nanotrees,46–48,50 the primary 
ONWs were used, and a first oxygen plasma treatment of 20 
minutes at 300 W was applied using a microwave plasma source 
ECR-SLAN operating at 2.45 GHz (Plasma Consult Gmbh). The 
total oxygen pressure was 0.02 mbar, with the substrates at 
room temperature, and the samples-to-plasma distance was set 
to 10 cm. The oxidative plasma treatment was followed by the 
growth of secondary ONWs using the same conditions as before 
but reducing the thickness to 1.5 kÅ (QCM). The as-grown 
ONWs were compared with highly interconnected nanowires 
obtained after solution post-treatment by immersion in water 
and subsequent drying. The final sensor was attached to the 
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feedthrough, welding copper wires for the electrical 
connections, and inserted into the measurement chamber (see 
Supplementary Information Scheme S1).
Characterisation Techniques. SEM micrographs were acquired 
in a Hitachi S4800 working at 2 kV on samples prepared on Si 
(100) Substrates. Cross-sectional views were obtained by 
cleaving the substrates.  The ONWs and ONTs were dispersed 
onto Holey carbon films on Cu grids from Agar scientific for TEM 
characterization. High resolution TEM was conducted with a FEI 
Tecnai Osiris TEM/STEM 80-200 operating at 200 kV. Raman 
spectra were acquired using a Horiba Jobin-Yvon LabRAM 
spectrometer equipped with a confocal microscope with a 50x 
objective and a laser of 532 nm wavelength, with a spectral 
resolution of ~ 1.7 cm-1. Low laser powers were utilised to 
prevent H2Pc damage. XPS characterisation was performed in a 
Phoibos 100 DLD X-ray spectrometer from SPECS. The spectra 
were collected in the pass energy constant mode at 50 eV using 
an Mg Kα source. C1s signal at 284.8 eV was utilised to calibrate 
the binding energy in the spectra. The assignment of the BE to 
the different elements in the spectra corresponds to the data in 
references 59,60.
Sensors characterisation. The electrical characterisation of the 
sensors and their response evaluation were performed with a 
Keithley 2635A system source-meter working in sweep voltage 

mode for the I-V curves and temporal evolution at a fixed 
potential of 5 V for the sensor response. The sensor is housed 
in a small, heatable chamber with an approximate volume of 50 
cm³. Gases were introduced into the chamber using two 
calibrated mass-flow controllers (Bronkhorst), each set to 
deliver argon (99.99%) and oxygen (99.99%). Argon (Ar) was 
selected over other inexpensive inert gases, such as nitrogen, 
due to its higher chemical inertness, minimizing potential 
interference and ensuring that observed signal variations 
originate from the analyte (O₂) rather than the carrier gas. Both 
Ar and O₂ were supplied at a flow rate of 100 sccm, facilitating 
rapid atmospheric transitions within the chamber. A needle 
valve with minimal aperture was installed at the outlet to 
prevent gas backflow. The chamber features a fused silica 
window, allowing for light illumination experiments. Heating of 
the chamber was achieved using an electrical resistance, with 
temperature monitored by a K-type thermocouple. Two 
different light sources were used, one a high-intensity Xe lamp 
(LASING ASB-Xe-175) and a second multi-LED source (DiCon, 
Microscope Illuminator, MSB-MX-25) equipped with 3 LEDS 
(blue, green and red).  The light power density was measured 
with a radiometer (Solarlight PMA21) at 5 cm from the samples 
at two different spectral ranges: UVA+UVB (detector PMA2107) 
and Vis + NIR (PMA2140). 

Figure 1. a-c) SEM micrographs of the H2Pc ONWs deposited on a silicon wafer decorated with a thin gold film with planar views in panels a-b) and cross-section in 

panel c). d-f) SEM micrographs in planar view (d) and cross-section (e-f) of the H2Pc ONTs. g-i) Characteristic SEM micrographs of the supported ONWs after immersion 

in distilled water.
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The relative response (R) of the sensor was calculated using the 
relation:61  

𝑅(%) =
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑔𝑎𝑠) ― 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑖𝑛𝑖𝑡𝑖𝑎𝑙)

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑖𝑛𝑖𝑡𝑖𝑎𝑙) ∙ 100

Results and Discussion
In this article, we have taken advantage of a previously reported 
vacuum deposition procedure for fabricating high-density 
arrays of supported organic nanowires.46–57 This high 
throughput method yields the growth of single crystalline 
nanowires by self-assembly of planar and non-planar small 
molecules with high purity, growth rates, and homogeneity. A 
scheme for the growth of ONWs is shown in Scheme S1 in the 
Supplementary Information section. In references [46–57], the 
growth of perylene-, metal and free phthalocyanines- and 
porphyrins-NWs supported on metal, metal oxide, polymeric 
and organic surfaces has been demonstrated and optimised. 
The growth mechanism responds to a combination of the single-
crystalline structure formation promoted by the uniaxial 
anisotropy of the molecular self-assembly by pi-stacking.46,47

Thus, Figure 1 a-c) show typical SEM images of the metal-free 
phthalocyanine (H2Pc) NWs formed on a Si(100) wafer 
decorated with Au nanoparticles. Lengths and widths of the 
ONWs are between 2 to 10 µm and 20 to 100 nm, 
correspondently. As detailed in previous works,46,47,62 the ONWs 
growth requires the presence of nucleation sites that can be 
added to the electrodes in the form of nanoparticles or thin 
films with a certain roughness. In this work, these required 
nucleation sites have been added as gold nanoparticles (NPs), 
ensuring no coalescence between them and, therefore, no 
electrical contact. A representative SEM image of the Au NPs 
distribution is shown in Figure S1.
The present approach aims to connect two preformed 
electrodes through the ONWs. Since the electrical connection is 
produced by the physical contact of two isolated wires growing 
from each electrode and aiming to increase the surface area, a 
highly branched organic nanotree architecture was used (Figure 
1d-f). A detailed report on the fabrication of such three-
dimensional nanostructures can be found in references [48,50]. 
The procedure consists of using the primary ONWs as support 
(i.e., acting as trunks) to form secondary ONWs (playing the role 
of branches). A soft-plasma etching treatment is carried out on 
the as-grown (primary) nanowires to generate a certain 
roughness that serves as the nucleation site for the formation 
of the secondary wires. Thus, as Figure 1 (d-f) presents, the 
density of ONWs is increased by more than an order of 
magnitude. Moreover, the lateral connectivity of the ONWs 
layer is also improved through multiple contacts between 
primary, secondary, and adjacent secondary ONWs. It is 
important to stress that the nanowires are single-crystalline for 
both configurations, 1D and 3D. Figure 2 shows the high-
resolution TEM image of an H2Pc nanowire (a) and the 
interconnection between primary and secondary nanowires 
forming a nanotree (b). The ONWs present the characteristic 

stripped pattern of the single-crystalline configuration 
corresponding to the self-assembly π-stacking growth 
mechanism along the nanowire length. The crystallinity is also 
evident from the Digital Diffraction Pattern (DDP) at the right of 
the figure for the indicated area, where both the primary and 
the secondary ONWs present two maxima corresponding to the 
periodicity of the row of molecules visible in the TEM images. It 
is worth mentioning that the FFT image of the secondary wire 
presents four maxima, which are due to a change in the 
crystalline orientation at the vicinity of the branch (see the 
green circle in Figure 2b), likely due to the presence of a 
dislocation. In the case of the connected ONWs, the plasma 
etching process to generate the nucleation centres for the 
formation of the secondary branches was soft enough to keep 
a low roughness of the surface of the primary nanowire but 
likely produced an amorphous shell along the ONW. Please note 
that the thickness of such an amorphous shell is extremely 
difficult to characterise as the ONW crystalline structure gets 
easily destroyed under the electron beam.46–48,54,63

Raman and X-ray photoelectron spectroscopy (XPS) were 
employed to validate the structural and elemental composition 
of the phthalocyanine nanostructures, which are shown in the 
Supplementary Information S2 and S3, respectively. Both 
techniques reveal that ONWs present a high purity from both 
the structural (from Raman) and chemical (from XPS) points of 
view. Further insights provided by XPS have been also included 
in the Supplementary Information S3.
It is worth stressing that the ONWs and ONTs growth 
methodology only involves dry vacuum steps of deposition and 
processing. In this article, and for the sake of comparison with 
other results in the literature, we have included an additional 
post-processing step, the immersion of the nanotrees in a 
solvent, in this case, distilled water (and the subsequent drying), 
to enhance the lateral connectivity further. As shown in Figure 
1 g-i), the water immersion significantly increases the number 
of interconnections between the ONWs. This is particularly 
clear in the cross-section image (i), where all the ONWs lying 
down close to the surface of the substrate can be observed.
Figure 3 a-b) shows SEM pictures of the commercial Pt 
interdigitated electrodes used for the sensor fabrication at 
different magnifications. A brighter appearance for the metal 
can be noted, where the fingers of the interdigitated electrode 
are separated 10 µm. Figure 3 c) shows the ONTs grown onto 
the preformed electrodes (as detailed in Scheme S1 in 
Supplementary Information), where the high density of 1D 
nanostructures and the connectivity achieved can be observed. 
The metallic electrodes are partially visible behind the ONTs and 
can be noted with a different contrast in the SEM image of 
Figure 3 c). Our methodology enables the direct growth of 
ONWs and ONTs onto preformed electrodes at temperatures 
below 200°C, eliminating the need for transfer steps and 
enhancing key factors such as electrical contact and 
reproducibility. Unlike most existing studies, which require 
higher temperatures, post-synthesis assembly or templated 
substrates,13,29,42–45,58 our approach achieves superior nanowire 
density and connectivity. While some prior works have 
demonstrated direct deposition on preformed devices, the 
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resulting nanowire networks exhibit significantly lower density 
and interconnectivity.37,64  In contrast, our method integrates a 
highly connected ONW network onto interdigitated electrodes. 
Additionally, the unique architecture of the branched ONTs, 
combined with an immersion-based strategy, further improves 
electrode bridging and enhances conductive pathways.
Figures 3 d) and e) present the I-V characteristics of ONWs (d) 
and ONTs (e) at RT (black curve) and 100ºC (red curve). The I-V 
characteristics are nearly linear in all cases, indicating fair 
electrical contact between the nanowires and between the 
nanowires and the electrodes. This effect may have two 
different origins: i) one is the match between the Highest 
Occupied Molecular Orbital (HOMO) of H2Pc and the work 
function of gold nanoparticles (used as nucleation centres to 
grow the ONWs), which are 5.7 eV65 and 5.5 eV66, respectively; 
ii) the second is the excellent interface in terms of cleanliness 
(the ONWs or ONTs are entangled while are growing in 
vacuum), that ensures excellent contact between the wires. 

Figure 2. High-resolution transmission electron micrographs corresponding to an H2Pc 
nanowire (a) and the connected primary and secondary wires in an H2Pc nanotree (b). 
Digital Diffraction Patterns (DDP) of the selected areas (right side of the figure) reveal 
the crystalline character of the ONWs and ONTs. 

The samples are highly resistive at room temperature, as noted 
in the I-V curves of Figure 3 d-e) (note that the measurements 
have been performed under Ar flux). The current flowing 
through the ONWs barely reaches 10―10 Amperes at 5 Volts, 
yielding a high resistance of 18.7 and 57.6 GΩ for ONWs and 
ONTs, respectively. Such a high resistance can be understood 

due to the high intrinsic resistivity of the H2Pc molecule and due 
to the low cross-section of the ONWs, though, to the best of our 
knowledge, the resistivity of ONWs of H2Pc has not yet been 
reported. Supplementary Information S4 provides an 
estimation of the number of contacts between ONWs in 
adjacent electrode fingers to contextualise our results within 
the current literature. 
It is noticeable that the measured resistance for the ONTs is 
higher than for ONWs. The nanowires and nanotrees have been 
prepared under the same experimental conditions, since the 
ONWs are used as the initial trunk for the ONTs, and the only 
difference is an additional plasma treatment and subsequent 
deposition of the branches. Thus, the number of possible 
contacts between the trunk or the branches of the ONTs needs 
to be higher than for the ONWs. Thus, the higher resistance 
value can be understood as an increase in the contact resistance 
between the nanotrees or by a deterioration of the conductivity 
of the initial trunk, surely related with the amorphisation of the 
primary ONWs outer shell discussed in Figure 2, both effects 
arising from the plasma treatment. This is also consistent with 
the Raman spectrum of ONTs shown in Figure S2, that shows a 
noisier Raman spectrum, ascribed to surface amorphisation 
induced by the soft plasma treatment. 
Although the oxygen treatment and subsequent growth of 
secondary branches in the ONTs may appear to be a stochastic 
process, the ONT-based sensors synthesized in this study 
exhibit a similar resistance. The resistance measured in similar 
conditions (RT and Ar atmosphere) for three different ONTs-
based sensors synthesized in different batches have been 
included in Table S1 in the Supplementary information. This 
suggests a level of reproducibility in their electrical properties, 
despite the seemingly random nature of the structural 
modifications induced by the treatment.
By contrast, the resistance of the ONWs drops significantly with 
temperature, decreasing from 18.7 and 57.6 GΩ to 0.99 and 
0.59 GΩ for ONWs and ONTs, respectively. It is worth 
mentioning that this change in the resistance induced by the 
temperature is a reversible phenomenon, as can be observed in 
Figure S5. The resistivity of a semiconductor ONW or ONTs is 
anticipated to decrease with temperature due to the electronic 
population of the Lowest Unoccupied Molecular Orbital (LUMO) 
levels. However, the observed reduction is much higher than 
the expected decrease in resistivity, which has been reported to 
decrease to half for H2Pc thin films (from ca. 2 to 1 ∙ 106 Ω 𝑚).28 
The decrease in the resistance from RT to 100ºC for the ONW 
devices is about 15 times, while for the ONTs, this decrease is 
significantly enhanced, reducing their resistance by almost two 
orders of magnitude at 100ºC. Those results are consistent with 
an overall decrease in the contact resistance between the wires 
induced by the temperature and would indicate that the 
number of contacts is higher in the case of the nanotrees (as 
expected) since the final resistance is lower for the ONTs at 
100ºC. Following this reasoning and considering the higher 
number of contacts in the nanotrees-based device, we 
immersed the samples in water to increase the contacts 
between the ONWs or ONTs, as shown in Figure 1 g-i). As 
expected, the resistance can be further decreased for the ONWs 
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from 0.99 to 0.64 GΩ and more for the ONTs from 0.59 to 0.16 
GΩ. Even though the resistance values might seem high, it must 
be kept in mind that the conduction is achieved through a 
hopping mechanism between NWs. Thus, the device's 
resistance can be decreased by shortening the distance 
between adjacent electrodes and/or increasing the 
hyperbranching. Due to the lower resistance of the most 
branched structures, all the sensors studied will be based on 
nanotrees.

Figure 3. a-c) SEM image of the commercial interdigitated electrodes before (a-b) and 
after (c) the deposition of H2PC nanotrees. d-e) I-V curves for ONWs (d) and ONTs (e) on 
commercial electrodes at Room Temperature (black) and 100ºC (red) under constant 
argon flux at ambient pressure. In addition, the I-V response of the device is shown after 
the water immersion treatment and the subsequent drying. These curves were recorded 
at 100ºC under Ar flux (blue curves). 

As previously reported, the optoelectronic properties of the 
phthalocyanine are modified when exposed to oxygen or 
oxidising gases present in the surroundings.24,40,67,68 However, 
the oxygen response is usually very slow for phthalocyanine-
based sensors at room temperature, requiring their operation 
at elevated temperatures.24,40,67,68 In line with the literature, the 
RT response of the ONWs or ONTs is barely noticeable to the 
change in the gas atmosphere from argon to oxygen. The 
response is shown in Figure 4 a) and magnified in b) (black lines), 
which show the change in the I-V curves after 10 minutes of 
pure oxygen and argon flow, with a minimal change in the 
resistance (from 19.9 to 23.3 GΩ, respectively). By contrast, 
Figure 4 a) shows how the response at 100ºC is significantly 
enhanced, producing a decrease in the resistance from 1.0 to 
0.49 GΩ for argon and oxygen environments, respectively. It is 
worth highlighting that the I-V curves were recorded after 10 
minutes of oxygen or argon flow since prolonged times 

(especially under a pure oxygen atmosphere) produced a 
significantly higher decrease in the resistance of the devices. 
This effect can be seen in Figure 4 c,d), where the initial 
resistance decrease is due to a 1-hour exposure to a pure 
oxygen atmosphere. Figure 4 c) and d) show the resistance of 
the device when the gas atmosphere is changed from pure Ar 
to O2 at 100ºC (c) and RT (d), respectively, at intervals of 5 
minutes, imposing in all cases a bias of 5 V to the sensors. While 
switching the gas flux into the chamber from Ar to O2 at RT only 
produces a slight modification of the resistance of the device 
(Figure 4d), the variation at 100ºC is significantly enhanced 
(Figure 4 c). Despite the increased response of H2Pc thin films to 
oxygen for high temperatures, a known behaviour for this 
organic semiconductor, it should be barely noticeable at 100ºC, 
as reported by other authors.67,69 By contrast, this study 
demonstrates a marked resistance response of H2Pc ONTs 
against oxygen at 100ºC. The reported low response is usually 
attributed to the slow diffusion of the oxygen in a thin film, since 
it is expected to be much slower than in our branched structure. 
Thus, the much higher surface area exposed by the nanotrees, 
effectively enhance the doping effect of oxygen and increases 
the response of the ONTs-based sensor. 

Figure 4. a) I-V curves for ONTs deposited on commercial interdigitated electrodes at 
Room Temperature (black) and 100ºC (red) under constant oxygen (solid line) or argon 
flux (dashed line) at ambient pressure. b) Zoom of I-V curves at the highlighted area in a) 
to reveal the lack of response at room temperature. The curves have been recorded after 
10 minutes of argon or oxygen flux. c-d) Resistance variation vs time for the ONTs grown 
onto interdigitated electrodes at 100º (c) and RT (d). The system was dosed with pure 
oxygen for 1 hour and cyclically exposed to argon and oxygen for 5 minutes.

The response of the ONTs-based sensors to oxygen/argon 
cycles was evaluated at different working temperatures and 
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under combined irradiation. The response of the sensor upon 
the illumination with a Xenon lamp is shown in Figure 5 at RT 
(a), 50ºC (b), and 100ºC (c) with red curves (labelled as UV+Vis). 
To discern the effect of the UV portion of the Xe lamp, a long-
pass filter with a cut-on wavelength of 400 nm was used to 
illuminate the sensor (blue curves in Figure 5 labelled as Visible). 
As mentioned in Figure 4 d) for the room temperature case 
(Figures 5 a and c show the same curve as Figure 4 d and c, 
respectively, for comparison with the illuminated cases), by 
alternating between oxygen and argon flows, a very subtle saw-
like resistance response was obtained, that are even masked by 
the noticeable drift in the curve. Upon visible light irradiation, 
the resistance decreases by three orders of magnitude, and an 
enhanced sensor response can be noted due to light activation. 
This light activation arises due to the electronic population of 
the LUMO levels (as it occurs with temperature) inherent to the 
semiconductor nature of the molecules for light energies above 
the H2Pc band gap of 1.88 eV.70 On the other hand, UV+visible 
light does not produce any further resistance change compared 
to irradiation in the visible range. This behaviour is likely due to 
the tiny difference in power density of the visible and UV+visible 
radiation, which is roughly 73 mW/cm2 (Table S2 in 
Supplementary Information). Note that near-infrared radiation 
(NIR) was not eliminated from the light source, however, it 
should not affect the measurements due to the higher band gap 
of H2Pc. In addition, it was corroborated that NIR radiation did 
not produce any significant change in temperature during 
measurements, as evidenced by the thermocouple.
Rising the temperature to 50 ºC (Fig. 5 b) and 100ºC (Fig. 5 c) 
further decreases the resistance of non-illuminated sensors by 
more than two orders of magnitude when comparing the 100ºC 
to the RT case. Besides, the drift observed in the RT case for 
non-illuminated sensors is decreased at 50ºC and is no longer 
present at 100ºC. Moreover, the sensor response reveals that 
the saw-like features of the curves were much more defined as 
temperature increased, demonstrating again the role of 
temperature in the sensor performance. By contrast, the 
illumination of the sensors at 50ºC (b) and 100ºC (c), both with 
and without the UV component, produces a decrease in the 
resistance similar to the one encountered for the RT. It is worth 
highlighting that the three graphs (a-c) present the same 
resistance range at the illuminated region (before the break of 
the graph), facilitating the comparison between the different 
temperature cases. These results indicate that the illumination 
effect on the conductivity is more pronounced than the increase 
in the temperature up to 100ºC. This is due to the high power 
of the lamp used, which has a total power of 1.77 W/cm2 (Table 
S2). For the sake of comparison, Figure S6 gathers the sensor 
response to oxygen and argon for the three temperatures 
employed in Figure 5 in the dark and under illumination. The 
resistance is graphed on a logarithmic scale and is the same for 
the three studied temperatures. The figure clearly shows that 
the effect of the illumination on the conductivity is almost 
independent of the temperature of the samples. This suggests 
that potentially low-cost and long-lifetime sensors can be 
realised since room temperature operation reduces the 
degradation time of organic-based sensors. It is worth 

mentioning that although the sensing capability of the sensor is 
clearly enhanced by visible (or UV+visible) illumination, the 
shape of the curves is not perfectly defined. It first shows a 
sudden decrease (which is reduced in magnitude as 
temperature increases) to the change from O2 to Ar and then a 
constant increase that is sometimes significantly delayed. This 
latter feature makes the sensor respond the opposite way 
(Visible illumination at RT and 50ºC, blue curves in a-b).

Figure 5. Organic nanotree sensor response to oxygen and argon at RT (a), 50 °C (b), and 
100 ºC (c), under no irradiation (black line), visible light (blue), and UV+visible light (red).

It may be stressed again that in Figure 5, the photoconductivity 
and the enhanced response of the phthalocyanine ONTs have 
been tested using an Xe lamp with high power (>1700 mW cm-

2). To unravel the possible use of the sensor under more feasible 
light sources with lower power, we tested them under Light 
Emitting Diode (LED) illumination. 
As demonstrated in Figure 5, light-induced responsivity can be 
used to switch ON and OFF the sensor response, consequently 
increasing their lifetime. To prove this idea, illumination 
experiments were carried out using a series of three LEDs: blue, 
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green, and red at emission wavelengths of 465, 530, and 635 
nm, respectively, with significantly lower powers than the Xe 
lamp used in the previous experiences (see Table S2). The 
switching evolution is shown in Figure 6 a) and was measured 
at 100 ºC under a constant oxygen flux atmosphere for the ONT-
based sensor. It may be appreciated that once the LEDs were 
turned ON, the resistance jumped down quickly, and when 
turned off, the contrary occurred. Note that the resistance 
changes were not as pronounced as in the previous case due to 
the lower power of the LEDs. The bottom part of the Figure 6 a) 
shows the relative response calculated from the previous 
curves. To minimise the drift effect, the relative response has 
been calculated by using the signal some seconds before the 
illumination change and after 20 seconds. For every LED, two 
different responses were obtained separately, distinguishing 
between the "Off-On" and "On-Off" transitions (note that these 
transitions occur at 5,15,25 and 10,20,30 minutes, respectively). 
The change in the sensor's response is not identical for the two 
cases, as it can be observed in the figure. The relative response 
is systematically lower for the On-Off steps for the three LEDs. 
One remarkable characteristic is that the H2Pc presents a visible 
absorption band at 620 nm, very close to the red LED 
wavelength, as shown in Figure S7. From this figure, noticeable 
changes in the resistance evolution for the different 
wavelengths of the LEDs are expected since the H2Pc ONTs 
absorb a significantly smaller amount of light at the green and 
blue wavelengths than the red one. According to the UV-Vis 
transmittance and the emission spectra of the LEDs (both 
shown in Figure S7) and the power densities listed in Table S2, 
the red LED should report the highest photoconductivity, but 
this has not been the case. While the responses are comparable, 
the red LED consistently produces the smallest response, and 
the green LED produces the highest change across all cycles, 
regardless of whether the transitions are "On-Off" or "Off-On." 
This behaviour does not correlate neither with the absorption 
band of the ONTs nor with the power of the LEDs, indicating that 
adittional efects such as the sensor drifting need to be 
considered. 
The response times for the sensor upon illumination with the 
three LEDs has also been calculated by fitting with a two-
exponential decay curve, which are shown in Figure S8. For all 
wavelengths studied, similar response times were observed, 
with two distinct components: t1 (faster) and t2 (slower), the 
latter with the highest contribution (more than 95% for all the 
cases). As occurred with the relative responsed of Figure 6a), 
the response times differed significantly between the "Off-On" 
and "On-Off" transitions, with the latter showing slower t1 and 
faster t2. It should be noted that drift may influence these fits, 
specially the differences between "Off-On" and "On-Off" 
transitions, and therefore the response times should be 
interpreted qualitatively. 
Since no significant wavelength dependence was observed 
(neither in the relative response nor the response times), the 
photoconductivity experiences with LEDs were performed using 
a combination of the three previously used LEDs (R+G+B), giving 
an overall power density of 11.2 mW/cm2 (See Table S2). Figure 
6 b) presents the I-V characteristics of the ONTs-based sensor 

before (green lines) and after water immersion (black and red 
lines), both under white LED illumination (black) and in the dark 
(green and red) at 100ºC. As mentioned, the immersion process 
induces an improved interconnection between the branches, 
producing a significant decrease in the resistance of the sensor 
device, from 0.48 to 0.1 GΩ, which is further decreased to 0.04 
GΩ under white LED illumination (measured in an oxygen 
atmosphere). Figure 6 b) also shows the I-V curves under O2 and 
Ar atmosphere (after ca. 10 minutes of exposure) with solid and 
dashed lines, respectively. Though the first impression from the 
figure is that the illuminated ONTs after water immersion show 
the highest variation, the three cases have approximately the 
same response of about 35-45% when the atmosphere varies 
between argon and oxygen (in this case, no precise response 
could be given due to the lack of measurement cycles). This 
would indicate that although the resistance is lower for devices 
treated by immersion in water and under LED illumination, the 
response is similar for the three cases. 
The resistance evolution under intermittent LED illumination 
(every 5 minutes) is presented in Figure 6 c) and d) before and 
after water immersion, respectively. Please note that the 
starting resistance is not as low as in the previous Figure 6 a) 
because the white LED experiments performed at 100ºC started 
10 minutes after reaching the target temperature, while in the 
rest, the stabilisation time was above 1 hour. The figure shows 
the evolution of the sensor at RT (black curve) and 100ºC (red). 
It can be noted that there is a fast resistance change upon 
illumination in all cases, where the change is significantly higher 
for the RT experiences. In these measurements at RT (black 
curves in Figures 6 c-d), the resistance difference between the 
OFF/ON states (understanding the sensor as a photodetector) 
gives a response of 87 + 2 and 89 + 2 %, while at 100ºC (red 
curves) is 68 + 5 and 61 + 6 % for the devices measured before 
and after water immersion treatment, respectively. These 
results are similar to those shown in Figures 5 and 6 a) and 
consistent with photoconduction switching, which has also 
proven to be prompt and reproducible with the light turning on 
and off (Figure 6 c-d), implying not only fast photoresponse but 
also the high stability of the materials when operated under 
ambient conditions. 
The reported photoconductivity can be used to decrease the 
resistance of the sensor devices, but is the sensitivity of the 
sensor modified upon LED illumination? To answer this 
question, Figure 6 e-f) shows the evolution of the resistance 
under continuous white LED illumination upon modifying the 
atmosphere from oxygen to argon (cycles of 5 minutes) at RT 
(black curve) and 100ºC (red curve) before (e) and after (f) the 
water immersion treatment. Starting from the 100ºC 
experiences, the resistance evolution depicts a similar shape 
than shown in 5 c) for the Dark case. The main difference is a 
higher sensitivity in the white LED illuminated experiences for 
both before and after water immersion treatment, showing a 
response of 37 + 2 and 35 + 4 %, respectively, while in the dark 
case (only measured before water immersion treatment, as it is 
shown in Figure 5 c) shows a four times less response of 9 + 1 
%. This experience proves that LED illumination enhances the 
sensor response.
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Figure 6. a) Sensor response at 100 ºC to oxygen under intermittent illumination with red, green or blue LEDs (top) and Relative Response (bottom). b) I-V curves of the ONTs sensors 
before (green lines) and after water immersion treatment (black and red lines), both under white LED illumination (black) and in the dark (green and red) at 100ºC. The I-V curves 
under O2 and Ar atmosphere (after 10 minutes of gas flow) are shown with solid and dashed lines, respectively. c-d) Resistance evolution of the sensors at a constant O2 flow at RT 
(black line) and 100 ºC (red) under intermittent LED illumination every 5 minutes before (c) and after (d) water immersion treatment. e-f) Resistance evolution under continuous 
white LED illumination upon modifying the atmosphere from oxygen to argon in cycles of 5 minutes, at RT (black curve) and 100ºC (red curve) before (e) and after (f) the water 
immersion treatment.

Moreover, the RT experiences revealed a striking result: while 
in the Ar/O2 cycling experiments in the dark, the sensor shows 
no response (not possible to quantify), the illumination with a 
low-power LED enables the sensing capability of the devices. 
The illumination increases the response from nearly zero to 16 
+ 1 % and 14 + 1 % before and after water immersion treatment, 

respectively. It is important to remark that the enhanced 
response for the RT case under a low-power white LED 
illumination proves that the sensor can be switched ON and OFF 
by simply illuminating with an LED together to a reduction of 
the resistance. To our knowledge, these are the first results of a 
visible range lighting strategy to improve the response of the 
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organic-based sensors, opening a new path toward the 
exploitation of semiconducting organic nanowires as low-cost 
and low-power sensors since they can be switched on and off 
periodically simply by illumination with a LED, diminishing their 
consumption since they can operate at RT. 

Conclusions
The direct fabrication of H2Pc nanowires and nanotrees on 
preformed interdigitated-based sensors has been successfully 
addressed. A high-density nanoforest was obtained by a 
combination of vacuum/plasma deposition methods, namely 
magnetron sputtering for the seeds, physical vapour deposition 
for the nanowires and soft plasma etching for the formation of 
crystallisation sites along the primary ONWs to induce the 
growth of secondary ones. The entire process has been carried 
out at mild temperatures (< 200 ºC) on commercial substrates 
consisting of interdigitated electrodes, reducing resistivity due 
to the contact of the ONW or ONTs. The resistance was 
significantly lower for the ONTs sample, indicating a higher 
number of contacts between the branches. The nanowire 
contact could be further improved by a simple water immersion 
protocol for both ONW or ONTs, producing the laydown and 
entanglement of the flexible nanostructures, which produced a 
significant decrease in the resistivity of the sensor. Moreover, 
as expected for a semiconductor, a temperature-dependent 
resistance was observed. However, the reduction of the 
resistivity observed at 100 ºC is much higher than expected, 
considering the bulk resistivity at this temperature, especially 
for the ONTs case, indicating a decrease in the contact 
resistance between the wires induced by the temperature. 
The response to oxygen is negligible at room temperature. 
However, against the expectations, the response is clear at 
higher temperatures (50 and 100 ºC), which should be barely 
noticeable even at 100ºC, as reported by other authors, due to 
the slow diffusion of the gases in crystalline H2Pc thin films.67,69 
Thus, this effect can be attributed to the high specific area of 
these 1D and 3D nanostructures, which effectively enhances 
the oxygen doping of the organic nanostructures. Moreover, 
the enhancement in the oxygen response by light illumination 
was quite significant. For the three temperatures studied, the 
effect of the illumination on the conductivity was independent 
of the temperature of the samples. This result indicates that the 
sensors can work at room temperature under illumination, 
opening a new way for low-cost and long-lasting devices since 
room temperature operation usually preserves the sensor 
performance of organic materials. 
Therefore, additional experiments with more feasible light 
sources, such as low-power LEDs, were performed. The spectral 
dependency on the illumination was tested with three different 
wavelengths (blue, green and red), showing a similar response 
even when the red LED overlapped with the absorption band of 
the H2Pc molecule. In any case, the enhanced conductivity 
induced by a low-power LED light can be used to switch ON and 
OFF the sensor response even at RT. Additionally, this type of 
device has a high potential for low-power electronics since the 
sensor is at room temperature (no heating is necessary), which 

allows it to work under non-constant operation. This latter 
aspect will permit an intermittent operation of the sensor, 
switching ON for some seconds under LED illumination to sense 
the concentration of a particular analyte.
The promising sensitivity enhancements achieved with metal-
free phthalocyanine, facilitated by nanostructuration and 
photoenhanced effects, suggest that incorporating metallated 
phthalocyanines or porphyrins could further improve selectivity 
toward specific analytes. These precursors are also compatible 
with the direct synthesis methodology for organic nanowires 
and nanotrees on preformed interdigitated electrodes thus 
paving the way for future sensors devices with his selectivity, 
sensitivty and reponse times, that can detect a wider range of 
oxidative gases. It is important to mention that the nanotree 
architecture also allows combining different molecules to form 
the primary and secondary nanowires, which might provide a 
successful approach to fabricating 1D multi-sensors.
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