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Abstract

n-Extended porphyrins represent an attractive class of organic compounds because of their unique
photophysical, optoelectronic and physicochemical properties. Herein, a cross-conjugated (Ace-
PQ-Ni) and a linear-conjugated (AM®6) porphyrins are used to build double layer heterojunction
devices by combining with lutetium bisphthalocyanine complex (LuPcz). The heterojunction effect
at the porphyrin-phthalocyanine interface plays a key role in their charge transport properties. Both
devices exhibit exceptionally high ammonia sensitivity at room temperature and under ambient
relative humidity, with a limit of detection as good as 156 and 115 ppb for Ace-PQ-Ni/LuPc; and
AMBG/LuPc; sensors, respectively. Interestingly, Ace-PQ-Ni/LuPc, and AM6/LuPc; sensors display
opposite effect upon light illumination. While the former show largely decreased ammonia
sensitivity under light illumination, the current variation of the latter under ammonia is remarkably
enhanced with multiplication factor of 13 and a LOD as good as 83 ppb. Their strikingly difference
in sensing properties upon light illumination is attributed to their different 7-conjugation pathways

(cross-conjugation versus linear-conjugation).

Keywords: Molecular materials; mn-Extended porphyrin; Linear conjugation; Cross
conjugation; Molecular semiconductor; Conductometric transducer; Heterojunction;
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Porphyrins known as pigments of life offer a wide range of interaction mechanisms for
analyte binding, mainly through Van der Waals interactions, n-n interactions and coordination to
the central metal ion. The richness of their properties has been taken advantage of to develop gas
sensors, associated mainly to optical'? and acoustic®* transducers. Due to their rather poor
conducting properties, porphyrins have been rarely used directly as sensing materials in
conductometric sensors®. However, they were more studied for carbonaceous materials, such as
carbon nanotubes®®. Recently, we introduced polyporphyrins in two types of gas sensing
heterostructures (Fig. 1) including double lateral heterojunctions® and double layer
heterojunctions®®. In double lateral heterojunctions®, polyporphyrins were electrodeposited on
interdigitated electrodes, then covered by a molecular semiconductor, i.e. lutetium
bisphthalocyanine LuPc.. In double layer heterojunctions®®, polyporphyrins were synthesized and
deposited by chemical vapor deposition technique, in the presence of an oxidizing species, on a
poor conducting phthalocyanine material. In the former devices, electrosynthesis of zinc porphine
— a non-substituted porphyrin — at low positive potential, to obtain a low conjugated and poor
conducting polymer, allowing for the heterojunction effect to play a key role. In the latter case,
polyporphyrins obtained from nickel tetraphenyl and nickel tetramesityl porphyrins were highly

conjugated, leading to another type of heterojunction effect!!12,

_—

Figure 1. Scheme of a double lateral heterojunction (left) and a double layer heterojunction

(right).

Semiconductors based on metal oxides have been often used as active materials in gas

sensors. It is well-known that photoexcitation can affect transport phenomena by increasing the
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density of free charge carriers and by decreasing the energy barrier at grain boundaries®. Thus,
illumination can also change trapping phenomena by changing the occupancy of defects by
electrons and holes. In terms of gas sensing, relative response can be increased and response time
can be shortened under light. It has been reported that the response was multiplied by ca. 6 upon
UV irradiation on SnO; exposed to CO (100 ppm, RT) or NOz (1 ppm, 300°C). With In203, RR
was multiplied by 16 at 100 ppm CO, while RR was quasi unchanged at 3 ppm NO2, but with a
better recovery and improved kinetics at RT. To explain these observations, the authors
hypothesized that light helps oxygen desorption, and consequently facilitates CO adsorption.
However, response can also decrease depending on light energy, even though recovery time is
shortened®*, suggesting complex light effect. Improved response time by a factor of ten was
reported by Llobet et al. for pulsed UV light illuminated on WO3 nanoneedles exposed to NO> or
NHs®. Nakamura and co-workers reported an interesting p-NiO/n-ZnO heterojunction, for which
sensing performances for aromatic volatile organic compounds (VOCs) were highly improved
under deep UV light irradiation, as a result of an electron transfer from the photo-excited VOC
adsorbates to the valence band (VB) of p-NiO. A high sensitivity increase was also observed with
visible light on inorganic halide perovskites used to detect O, and volatile small organic molecules
including acetone and ethyl alcohol'’. Di Natale et al. reported the use of visible light effect to tune
the selectivity of porphyrin coated ZnO hybrid material towards VOCs!, In this case, light
induces not only a photocurrent as in any junction-based solar cell, but also promotes the selectivity
towards amines compared to alcohols. Obviously, mechanisms involved in metal oxide — based
resistors or heterojunctions cannot be directly applied to molecular material — based sensors.
Actually, only a few examples of light effect on molecular material-based gas sensors were
reported. An increase in sensitivity towards water, ethyl alcohol and dimethyl methyl phosphonate
(DMMP) was reported for graphene field-effect transistor under UV light?°. Using copper

octafluoro-phthalocyanine/LuPc; heterojunction devices, we have also demonstrated that visible
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light from red LEDs was capable to inverse the polarity of majority free charge carriers from p- to
n-type, as a result of oxygen desorption, which acts as a trap for negative charges?..

LuPc; is known as the first intrinsic semiconductor?>2®, Its unique behavior is due to its
radical nature, which allows an easy electron transfer from or towards LuPcz neighboring
molecules. Thus, activation energy of its dark conductivity is very low, ca. 0.5 eV, against more
than 1 eV for all other molecular materials, which are less conductive. In the present
heterojunctions, the high conductivity of LuPc, compared to the sub-layers imposes charges to flow
from one electrode to the other one through the interface, as shown in Fig. 1 right?*. To understand
such heterojunction devices, we need to keep in mind the behavior of molecular material-based
heterojunction devices, in particular the formation of a conducting channel by charge accumulation
at the interface between both layers!'. This is very different from what happens in inorganic
heterojunctions in which a depleted zone is formed.

In this work, we report the use of two original highly ©-conjugated porphyrin complexes in
double layer heterojunction devices, in combination with LuPc> as a top layer and their response to
ammonia. n-Extended porphyrins have received particular attention due to their unique
photophysical and optoelectronic properties?>?®. Recently, one of us (Wang) reported the synthesis
of unsymmetric polycyclic aromatic hydrocarbon (PAH) — fused porphyrins, i.e. pentacenequinone
— fused (cross-conjugated) and pentacene — fused porphyrins (linear-conjugated)?’, which can
potentially lead to original electrical properties. Despite their similar D2n symmetry, they display
very different optical and electronic properties, due to the type of conjugation involved. In the
former, conjugation is extended on all the pentacene moiety, while in the later the quinone carbonyl
fragment interrupts the n-conjugation. Precisely, the porphyrin complexes reported in this work are
pentacene-fused nickel porphyrin (AM®6) and acenaphtho[1,2-b]pentacene-9,16-dione-fused nickel
porphyrins (Ace-PQ-Ni) (Scheme 1). We also studied the effect of illumination on electrical and

sensing responses.
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Ace-PQ-Ni

Scheme 1. Chemical structure of acenaphtho[1,2-b]pentacene-9,16-dione-fused nickel porphyrin
(Ace-PQ-Ni), pentacene-fused nickel porphyrin (AM6), and lutetium bisphthalocyanine (LuPcy)

(from left to right).

Experimental section
Chemicals

The synthesis - starting from 1,2-dibromoacenaphthylene, purification and characterization
of acenaphtho[1,2-b]pentacene-9,16-dione-fused nickel porphyrin (Ci06H104N4NiO2) (Ace-PQ-Ni)
are described in the Supporting Information. *H and *3C NMR spectra are given in Figures S1 to
S6. Monoporphyrin-fused pentacene (Ci12H112NsNi) (AM6)22° and lutetium bisphthalocyanine
(LuPc,)*® were synthesized and purified according to published procedures.
Sensors development and electrical measurements

Organic heterojunction sensors were fabricated by depositing Ace-PQ-Ni and AM6 as
sublayers and lutetium bisphthalocyanine (LuPcz) as a top layer on Indium Tin Oxide (ITO)
interdigitated electrodes (IDEs) lithographically patterned on glass substrates. The IDE consisted
of 125 pairs of ITO digits, having a width and spacing between two digits as 10 um. Electrodes
were properly cleaned through stepwise ultrasonication in CH2Cl and ethanol followed by drying
in an oven for 1 hr at 100°C. The sublayers were coated on IDE by using quasi dip coating method
that we developed recently®! (Scheme S1) and bilayer heterostructures were fabricated on the Ace-

PQ-Ni and AMBG resistors by thermal evaporation in UNIVEX 250 thermal evaporator under
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secondary vacuum (ca. 10”7 mbar). 50 nm-thick layer of LuPc, was deposited on the sublayer at a
rate of ca. 0.7 A s’ The sublimation temperature for LuPc, was noted in the range 400 — 450°C.
Current-Voltage (I-V) characterization and sensing measurements of the heterojunction sensors
were performed at room temperature (18 — 21°C) using a Keithley 6517B electrometer, at bias
ranging from -10 V to +10 V in steps of 0.1 V. Impedance spectroscopy measurements were
performed on a Solartron S1 1260 impedance analyser. The interface of the bilayer heterojunctions
was studied over a wide range of frequencies (from 10 Hz to 10 MHz) with fixed AC (200 mV)
and varying DC bias from 0 to 10 V. Obtained data were treated using Ametek’s Zview software.
Electrical properties were also obtained under UV light using EvoluChem 365 nm UV light source
(HCK1012-01-011).
Characterization techniques

Electronic absorption spectra of different porphyrins, LuPc, and the bilayer films were
registered using a Cary 50 (Varian) UV-vis spectrophotometer, between 300 nm and 850 nm.
Raman spectral measurement of different films and materials was conducted using Renishaw inVia
Raman microscope, utilizing 473 nm laser as an excitation source.
Gas sources and sensing experiments

Ammonia gas, at 985 ppm and 98 ppm (mol/mol) in synthetic air and synthetic air were
used from standard commercial cylinders, purchased from Air Liquide, France. A water column
was used to generate humidity saturated synthetic air. Then, the RH value was measured, after
dilution by dry synthetic air, by a humidity sensor (HMT 100, Vaisala, Finland). A small flow of
NHs (ca. 5 to 50 NmL min) was added to the previous flow to generate air with controlled NH3
concentrations, in the range 10-90 ppm or 1-9 ppm, depending on the concentration in the NHs/air
cylinders. The total flow was kept constant in all experiments, namely 550 NmL min™. The RH
values given in the text are those calculated in the final flow sent through the test cell (volume: 8

cm?®). Gas flow in different fluidic lines was controlled by mass flow controllers and electronic
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valves, which were interfaced with a homemade software. The scheme of the setup used for

electrical and sensing measurements was the same as in our previous work?!3?,

Results and Discussion

Optical characterizations of bilayer heterostructures

The normalized optical absorption spectra of each layer as well as the resulting bilayer
heterostructures were displayed in Figure 2a and 2b. Both bilayer films exhibit typical porphyrin
absorption peaks from sublayer that correspond to Soret band region spanning at 428, 460, 493 and
577 nm in Ace-PQ-Ni/LuPc; and at 435 nm in AM6/LuPc;?. Several weaker bands of AM6 between
600 to 704 nm were overlapped with a main peak of LuPc2 at 669 nm. In both bilayer films, most
of the peaks from sublayer were overlapped with the peaks from top layer resulting in change in
peak intensity, e.g. the peak at 459 nm (strong in Ace-PQ-Ni) was overlapped with peak at 468 nm
(weak in LuPcy) and appears at 462 nm (medium in Ace-PQ-Ni/LuPc; heterostructure). This peak
in LuPc; that appears as a shoulder at 470 nm in AM6/LuPc; bilayer films corresponds to the
transition between a filled orbital towards the semi occupied molecular orbital (SOMO) of
LuPcy®334,

Raman spectroscopy measurements were performed on powders of Ace-PQ-Ni, AM6,
LuPc; and their corresponding bilayer heterostructures. The Raman spectra of the bilayer clearly
show a combination of peaks that correspond to the chemical fingerprints of the LuPc; layer and
the Ace-PQ-Ni or AMG6 layer (Fig. 2c and 2d). The sublayer of both heterojunction devices are
highly Raman active compared to top layer. In Ace-PQ-Ni/LuPc, heterostructure, the medium
intense peaks at 1270 cm™, 1352 cm™, 1381 cm™, 1429 cm™, 1568 cm™, 1589 cm™, and the strong
intense peaks at 1140 cm™ and 1658 cm™ particularly belong to the sublayer (Ace-PQ-Ni). In
AMG6/LuPc; heterostructure, peaks at 772 cm™, 831 cm™, 1075 cm™1, 1287 cm1, 1372 cm'1, 1656

cm*and the strongest peak at 1565 cm™ belong to AM6. The results were compiled in Table S1.
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Figure 2. Comparison of normalized UV-vis spectra of (a) a Ace-PQ-Ni/LuPc; bilayer (blue line)
with individual layers of LuPc, (red, dashed line) and Ace-PQ-Ni (black, dotted line) and (b) a
AMG6/LuPc;, bilayer (blue line), AM6 (black, dotted line), and LuPc, (red, dashed line), and
superimposition of the Raman spectra of Ace-PQ-Ni/LuPc; (c) and AM6/LuPc; (d) bilayers with

the respective spectra of their constituents.

Most of the peaks from LuPc2 overlap with peaks from sublayer, resulting in change in peak
intensity, e.g. the peak at 682 cm™ (strong in LuPcy) overlaps with peak at 680 cm™ (weak in Ace-
PQ-Ni), and appears at 680 cm™ in Ace-PQ-Ni/LuPc; heterostructure (medium). However, the
strong peak at 1598 cm™ consistent with benzene stretching in Ace-PQ-Ni/LuPc; heterostructure
and the strong peaks at 1408 cm™ consistent with isoindole stretching, at 1512 cm™ to C=C pyrrole

stretching and coupling of pyrrole and aza stretching in AM6/LuPc; heterostructure are unique and
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can be directly attributed to the LuPc, layer®®. Overall, the spectra of heterostructures are the
addition of the spectra of sublayer and top layer.
Electrical properties of heterojunction devices

Electrical properties of the Ace-PQ-Ni/LuPc2 and AMG6/LuPc, bilayer heterojunction

devices were investigated by performing I-V measurements in the applied bias range of -10 V to

+10 V in dark and under UV light (Fig. 3a and 3b). Both heterojunction devices exhibit symmetric

and non-linear behavior in all conditions. Such feature was characteristic of bilayer organic

heterojunction devices, originating from of accumulation of mobile charges at the interface!-3,
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Figure 3. I-V characteristics of Ace-PQ-Ni (a) and AM6 (b) based heterojunctions under dark (red

curve) and under UV light (blue curve). Inset of Figure (b) represents a simplified device scheme.

Nyquist plots of Ace-PQ-Ni (c) and AM6 (d) based heterojunctions recorded at variable DC voltage

10



S. Ganesh Moorthy et al. ACS Sens. 2024, DOI 10.1021/acssensors.3c02247
in the range of 0-10 V. The inset of Figure (c) indicates the equivalent circuit selected for fitting
Nyquist plots.

Both sublayers are highly resistive compared to LuPc,®’. Due to the poor conductive
sublayer, the injected charges from electrode experienced high resistance resulting in smaller
current at lower voltage. However at higher bias, the injected charges have enough energy to
overcome the energy barrier resulting in higher current'*®, The non-linearity in I-V curve of
heterojunction device is quantified by estimating apparent energy barrier (Uwn) by drawing the
tangent at high voltage on the 1-V curves and extrapolating it to the X-axis.*® The apparent energy
barrier was calculated for different conditions. The calculated Uw for Ace-PQ-Ni/LuPcz and
AMBG6/LuPc; in dark was 4.5 V and 6.5 V, respectively. Under light, current increases, as expected
for most of the semiconductor-based devices. Thus, current at +10 V was multiplied by 1.13 times
for Ace-PQ-Ni/LuPc; and by 1.73 times for AM6/LuPc, under UV light, with Ui values slightly
lower at 3.8 V and 5.8 V, respectively. Whatever the conditions, the energy barrier of AM6/LuPc;
heterojunction is much higher compared to this of Ace-PQ-Ni/LuPc; heterojunction, for both
devices.

To further understand the different electrical behaviour of the two heterojunction devices,
in depth charge transport studies were performed by impedance spectroscopy in a wide frequency
range, from 10 Hz to 10 MHz, at different DC bias. The Nyquist plots of both Ace-PQ-Ni/LuPc;
and AM6/LuPc; heterojunction devices presented two depressed semicircles (Fig. 3c and 3d), in
which the one at high frequency (HF, left part) does not change, while the other at low frequency
(LF, right part) gets smaller, with increase of DC bias from 0 to 10 V. This confirms the presence
of organic-organic interface in the organic heterostructures and the semicircles at HF corresponds
to the bulk charge transport, while the semicircles at LF are associated to interfacial charge
transport®®. This can be further validated by the Nyquist plot of a LuPc; resistor that exhibits only

one depressed semicircle, which size remains independent of the applied DC bias?.

11
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To quantitatively determine different charge transport parameters, the experimental Nyquist
plots were fitted with constant phase element (CPE) based circuits*’. CPE is an imperfect capacitor,
which impedance is defined by equation (1), where Qi, ® and o, are non-ideal capacitance, pulsation
(o =2xf, f being the frequency) and a constant varying between 0 to 1, respectively. CPE turns into

a perfect capacitor or a perfect resistor, when a equals 1 or 0, respectively.

1
Qix(jw)*t

1)

ZcpE; (w) =

The Nyquist plots of both heterojunction devices were modelled by two components Ri-
CPEi elements connected in series as shown in the inset of Fig. 3c. A contact resistance Rc is also
added in series to take into account the interface between electrode and the sublayer. Here, the R1-
CPEL1 describes the semicircles at HF, while R2-CPE2 represents the semicircles at LF, thus they
are correlated to bulk and interfacial charge transport, respectively. The fitting resulted in R1, al
and Clefr as bulk charge transport parameters and R2, a2 and C2eff as interfacial charge transport
parameters, which variations with DC bias are depicted in Fig. 4.

R1 value is about ten times lower for AM6-based device than for Ace-PQ-Ni-based device,
but R2 is ca. ten times higher, at 2.2 MQ at low bias, which confirms the lower current at low bias.
However, R2 diminishes with bias increase, down to a value comparable for both devices. This
explains why at +10 V, current value was higher for AM6-based device compared to Ace-PQ-Ni-
based device. For al and a2, values are different for both devices, but remain in the same range,
namely 0.9 — 1.0, so near 1, which confirms the existence of high capacity at the interfaces for both
devices and explains the non-linearity of I-V characteristics. This is also confirmed by the
capacitances, in the nF range for C2¢ and in the pF range for Cless, with values for AMG6-based

device about twice these of Ace-PQ-Ni-based device.

12
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Figure 4. Variations of equivalent circuit resistances, R1 (a) and R2 (b), o 1 (¢) and a 2 (d), effective

capacitances Clerr () and C2e (f), as a function of bias (0-10 V) for Ace-PQ-Ni/LuPc, and

AMB6/LuPc; heterojunction devices.
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Ammonia sensing properties

Ammonia sensing properties of the heterojunction devices were investigated under high
concentration of NH3z (90 ppm) for long exposure of 10 min and flow of clean air for 30 min as
recovery period. The current variation with time depicted in Fig. 5 (response curve) exhibits a
decrease in current under NH3z exposure, while an increase of current was observed during the
recovery period, which depicts the heterojunction’s p-type nature by taking into account the
electron donating tendency of ammonia. The electron transfer from NHs molecules to LuPc,*
cations, which are the majority charge carriers in the top layer, leads to a decrease in their density.

In turn, this variation in the density of free charge carriers induces a change in the energy barrier at

the interface.
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Figure 5. Response curve of Ace-PQ-Ni /LuPc; (a) and AM6/LuPc. (b) heterojunction sensors,
under successive exposures to 90 ppm ammonia for 10 minutes and recovery under clean air for 30

minutes at 45% relative humidity (RH) and room temperature (18 — 21°C).

Notably, Ace-PQ-Ni/LuPc> heterojunction response curve demonstrated very stable
baseline with almost complete recovery of the signal during desorption period. On the other hand,
AMG6/LuPc; shows slight drift in response curve, which mainly attributed to incomplete desorption

of the NHs during recovery period. Anyhow, it is worthy to notice that the sensor recovers more

14
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than 85% of its signal during desorption period. A continuous decrease/increase of current was
observed throughout exposure/recover cycles for AM6/LuPc; heterojunction sensor, while in Ace-
PQ-Ni/LuPc2 heterojunction sensor, a plateau in the response curve was observed during
exposure/recovery period. This sorption behaviour of NHs in Ace-PQ-Ni/LuPc; heterojunction
sensor shows that the sorption equilibrium was attained rapidly during exposure/recovery cycles.

Interestingly, different kinetics in response curves of both heterojunction sensors associated
with adsorption and desorption rates was evident in response/recovery times. The time taken for
both heterojunction sensors to change 90% of its current during exposure period was approximately
estimated as 40 sec for Ace-PQ-Ni/LuPc; device and twice the same time for AM6/LuPc; device.
The quick response of both heterojunction sensors towards NH3z gas were ascribed to the organic
heterojunction effect in heterojunction sensors, in which interfacial accumulation of mobile charges
facilitates the faster exchange of charges between NHs and the sensing layer*'42,

To further evaluate the NHz sensing properties, both bilayer heterojunction sensors were
subjected to short exposure/recovery cycles of 1 min/4 min, under variable NHz concentration from
10 to 90 ppm (Fig. 6a and 6b). As quantitative measurement, relative response (RR) of the two
sensors was calculated using equation (2), where lo and Ir are initial and final current of an exposure
period, respectively. The RR variation as a function of NH3s concentration of Ace-PQ-Ni/LuPc.and
AMG6/LuPc, heterojunction sensors were displayed as calibration curves in Fig. 6¢c and 6d,
respectively.

Both devices show good reproducibility and reversibility that were confirmed by repeating
all sets of experiments on a new batch of devices. The uncertainties of the sensors were included as
error bar in calibration curves (Fig. 6) and the experimental curves of new batch sensors were shown

in Fig. S7.

RR(%) = ’fl‘o"’ x 100 @)
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Figure 6. Response of Ace-PQ-Ni /LuPc: (a) and AM6/LuPc; (b) heterojunction sensors under NHs
gas for 1 min and recovery under clean air for 4 min in the range of NH3 concentration from 10 to
90 ppm at 45% of RH and room temperature (18-21 °C). The variation of relative response

(calibration curve) of Ace-PQ-Ni/LuPc2 (c) and AM6/LuPc: (d) as a function of NHs concentration.

RR value of AM6/LuPc; based sensor is up to 4 times higher than Ace-PQ-Ni/LuPc; sensor
as evident from the calibration curve. Notably, the calibration curves are not linear and fit accurately
with Langmuir equation. Therefore, the interaction of NH3 gas molecules on sensor’s surface obeys
Langmuir type adsorption, in which the number of adsorption sites is limited. At higher
concentration, NH3z gas molecules almost occupied all the available adsorption sites leading to
saturation in the sensor signal. Interestingly, both heterojunction sensors exhibit very clear response

even at 10 ppm of NHs concentration. Hence, both devices were subjected to lower NHs
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concentration down to 1 ppm (Fig. S8). It is worth mentioning that Ace-PQ-Ni/LuPc, and
AMBG6/LuPc; based heterojunction sensors can detect NHz gas experimentally even at 1 ppm with
very low noise.

Limit of detection (LOD) is an important parameter for all chemical gas sensors.’® LOD
was estimated for the heterojunction sensors using equation 3. Here, N is the noise of the sensor
signal, S is the sensitivity given by the slope of the sensor calibration curve and Io is the sensor

baseline current.

3N
S*IO

LOD =

(3)

Sensitivity of Ace-PQ-Ni/LuPc; heterojunction sensor was determined as S = -0.41% ppm-
1helow 5 ppm and S = -0.059% ppm™* above 5 ppm and for AM6/LuPc; heterojunction sensor, S =
-1.41% ppm™ below 5 ppm and S = -0.21% ppm™* above 10 ppm. Such sensitivity of the sensor led
us to obtain a LOD of =156 ppb and 115 ppb for Ace-PQ-Ni/LuPc2and AMe/LuPc, heterojunction
sensors, respectively.

The LOD value of both heterojunction sensors is below the daily exposure limit for NH3
(20 ppm), as suggested by the European Parliament*3. Additionally, the properties of quick and
stable response of both heterojunction sensors even at 1 ppm without huge noise, making it highly
suitable for real time applications, even for diseases monitoring application in breath air where

concentration of interest are in sub-ppm range**.

Effect of UV light exposure in ammonia sensing

Taking into account the light effect on the electrical properties of heterojunction devices,
we also carried out sensing experiments under UV light (365 nm) (Fig. 7). As expected for
semiconductor-based devices, current increases under light. Surprisingly, both heterojunction
sensors show different sensing responses towards NHz gas under UV light. Ace-PQ-Ni based
heterojunction sensor shows only a weak response to NHz under UV light. In addition, we observed

a continuous increase in current due to the heating effect of UV light, temperature increasing up to
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55 °C, current was finally multiplied by a factor of 2 at the end of light exposure. At this stage, we
cannot distinguish between thermal and pure optical effects. On the other hand, with AM6 based
heterojunction sensor we observed a greater response to NHs, with relative response multiplied by
more than 3 at 90 ppm compared to dark, from -10.0% in the dark to -34.33% under light exposure
(Fig. 7b, Table 1). This results from a huge increase of Al, multiplied by more than 13, while current
baseline increased by only 3.9. This stronger current increase due to light effect has to be correlated
with the higher energy barrier. Under light, the temperature of both samples increased up to 55 °C,
while light effect is smaller in sensing response with Ace-PQ-Ni compared to AM6. It should be
noted that 365 nm corresponds to a minimum of absorption for both porphyrins (Fig. 2). On the
other hand, LuPc> is the material that absorbs the most at this wavelength through its Soret band,
which confirms that the difference between the two devices is mainly due to the interface between
the two layers in each sensor. Actually, upon constant UV illumination, we can distinguish between
a short time effect, which is optical in nature, and a slow kinetics effect, which can be attributed to
the heating of the device. This thermal effect is visible with Ace-PQ-Ni, but is masked with AMG,
due to the high response to NHs. In addition, as soon as light is turned off, a sharp decrease is
observed, followed by a slow decrease (temperature decrease).

To differentiate the light and temperature effects, both heterojunction sensors were studied
under the same concentration of NHz gas by increasing the temperature from 20 °C to 55 °C in
dark. We observed increasing in current with increasing in temperature, as expected for
semiconductor-based devices. For AM6/LuPc> sensor, the baseline current was multiplied by 3, but
the AI remain almost the same from 20 °C to 55 °C, leading to a weaker RR. Even though the
temperature change shows strong effect in AM6 based heterojunction sensor, it still has nothing to
do with increasing in RR under light. It is evident that the unique increase in RR is truly because of
light source. Sensitivity of AM6-based heterojunction sensor at 90 ppm NH3z was increased from -

0.21% ppm™ in the dark to -0.56% ppm™ under light exposure (Fig. 7b, Table 1).
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Figure 7. Response of Ace-PQ-Ni /LuPc: (a) and AM6/LuPc; (b) heterojunction sensors under NHs
concentration of 90 ppm for 1 min/4min exposure/recovery under light exposure (365 nm) at 45%
of RH. In (b), current variation was added during the same exposure/recovery cycles, but under a

thermal cycle (red line), showing the programmed temperature cycle (dotted line).

To evaluate further, the AM6/LuPc, sensor was investigated under a wide range of NH3
concentration from 10 ppm to 90 ppm under exposure to UV light. Nine cycles were recorded at
each given concentration where the light was turned on after third cycle and turned off after sixth
cycle, at each concentration, using a homemade software with Arduino UNO board (Fig. 8). At all
tested NHs concentrations, current increase and decrease under light was reversible, while the
sensor response was correlated with the NH3 concentration. Repeated experiment was shown in
Fig. S9 and error bars were given in the calibration curve (Fig. 8b). Under light, the LOD became
better than 100 ppb (calc. 83 ppb, Table 1). This value is the best we ever obtained with
heterojunction devices. Up to now, 100 ppb had been reported with a silicon phthalocyanine - based
heterojunction device and between 100 and 500 ppb in a few examples®®.

Such response enhancement under light has been already reported, but only with inorganic
conductometric gas sensors*®. Two phenomena can occur in the present molecular material-based
sensors. First, light can facilitate dioxygen desorption, increasing the number of available
adsorption sites for ammonia molecules. Second, adsorption/desorption processes are generally
faster under illumination.
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Figure 8. (a) Response of AM6/LuPc> heterojunction sensors under NHz gas for 1 min and recovery

under clean air for 4 min in the range of NH3 concentration from 10 to 90 ppm alternating in the

dark and under UV light exposure, at 45% of RH. Calibration curve of AM6/LuPc; (b) as a function

of NH3 concentration.

Table 1. Comparation of lo, Al and RR of Ace-PQ-Ni and AM6 based heterojunction sensors in

dark and under light, as determined at 90 ppm NHz and LOD.

Ratio
Dark UV light
) UV light/Dark
Device
lo Al RR LOD | Io Al RR LOD | lo Al RR
HA) | (HA) | % (ppb) | (MA) | (MA) | % (ppb) | (MA) | (MA) | %
Ace-PQ-Ni/
462 |-0.27 | -5.95 | 156
LuPc2
AMG6/ LuPc2 | 051 |-005 |-10.0 | 115 201 |-069 |-343 |83 3.94 | 13.53 | 3.40

The difference between the two studied heterojunctions can only come from the nature of the sub-

layer. As shown in Fig. 3, AM6/LuPc; exhibits a higher energy barrier than Ace-PQ-Ni/LuPc, and

a stronger light effect. As a result, in sensing experiments, we also observed a higher current

increase from dark to light. Current was multiplied by a factor of 4 with AM®6 and only 2 with Ace-
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PQ-Ni. These results suggest that, under light, a higher density of mobile charges is accumulated
in the channel, resulting in a higher sensitivity**.
Humidity effect

When it comes to real-world application, effect of humidity is an important parameter and
potential interferent in gas sensing application. Therefore, both heterojunction devices were also
investigated under humidity in a broad range, varying monotonically from 30% to 60% then
decreasing to initial value as so-called long exposure for 10 min at each RH step. Fig. 9 depicts the

current variation of the two sensors at given RH over time.
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Figure 9. Response of Ace-PQ-Ni/LuPc; (a) and AM6/LuPc; (b) heterojunctions towards the RH

change in the range of 30% to 60%, at room temperature (21°C).

Ace-PQ-Ni/LuPc2 based sensor shows increase in current during monotonically increase in
RH step and decrease during monotonically decrease in RH with good reversibility. On the other
hand, AM6/LuPc> based sensor reveals a continuous increase in current during steps of RH and
exhibits partial recovery during RH decrease, which is attributed to incomplete desorption of the
H>0 molecules during the recovery step, which may get trapped during monotonically increase in
RH. Overall, current changes by +27% for AM6/LuPcz and only +12 % for Ace-PQ-Ni/LuPc,
when RH varies from 30% to 60%, but with a quasi-stabilization of the current after 10 min,
compared to -10% for the RR to 90 ppm NHz in the dark and -34% under UV light for AM6/LuPc..

This difference could be due to morphological differences between the heterojunctions as already
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demonstrated with silicon phthalocyanine based gas sensors®® Here, we observe an opposite
response to humidity (current increase) and to NH3 (current decrease). So, it is difficult to predict
the variation of the response to NHz upon changing RH value. However, the good point is that the
humidity effect is reversible, which is rarely the case, in particular when working at room
temperature. So, the combination of our sensors with a humidity sensor could be used to get a
corrected value of NH3 concentration.

The present sensors are not more sensitive to NHs than other molecular material-based
heterojunctions, but they exhibit a better LOD (Table 2). Clearly, phthalocyanine-based
heterojunctions are more sensitive than phthalocyanine-based resistors, exemplified by LuPc>
resistor® and a fluorinated CoPc resistor’’. Even though double layer heterojunctions are less
sensitive than the double lateral heterojunctions*+°, they exhibit better LOD, due to a lower noise.
Thus, AM6/LuPc; exhibits a LOD comparable to the best ever reported for heterojunction devices,
i.e. 100 ppb, based on fluorinated silicon phthalocyanine® and even better under illumination. It is
worth mentioning that the present sensors favorably compete with previously reported devices and
operate in humid atmosphere and at room temperature.

About the selectivity, it is known that the response of such conductometric sensors is related
to the nature of the target gas. Thus, an oxidizing gas will induce a positive response (since we have
p-type devices) and electron-donating species will give a negative response. So, such devices will
be first sensitive to strong oxidizing agents like nitrogen dioxide and ozone, then to NHz. For other
electron-donating species the selectivity will also depend on the strength of the electron-donating

character of the target gas.
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Table 2. Comparation of sensitivities and LODs of Ace-PQ-Ni/LuPc, and AM6/LuPc; double layer
heterojunction devices with other previously reported organic resistors, hybrids and heterojunction

devices in dark at room temperature.

Device
_ S (% ppm™?) | LOD (ppb) | [NH3] (ppm) | Reference
(Type of charge carriers)
LuPc2 resistor (p) -0.02 / 25 46
COPC[B'O(4'CF3‘Ph)4] 017 420 14_16 a7
resistor (n)
PEDOT/_PSS-SWCNT 0.21 200 2-100 50
resistor (p)
PTFANI/LuPcz (p)? -1.05 450 1-10 48
PDMA/LuPcz (p)? -1.85 320 1-10 49
pCuTpNH2PC/LuPc: (n) 0.37 125 1-10 5t
(345F)2-SiPc/LuPc:2 (p) -0.6 310 5 36
CL:SiPc/LuPc: (p) -0.13 100 10 36
CuF1sPc/LuPc2 (n) 1.5 280 1-10 52
WOs/LuPc2 (n) 0.2 250 1-10 32
Cu(F1sPc)/pNiDPP (n) -0.403 228 1-50 10
Ace-PQ-Ni/LuPc: (p) -0.059 156 5-10 This work
-0.21 115 .
AMG6/LuPc: (p) -0.56 b g3b 5-10 This work

aDouble lateral heterojunction devices; ® Under light exposure
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Conclusion

Cross-conjugated (Ace-PQ-Ni) and linear-conjugated (AM6) n-extended porphyrins have
been introduced to constructing double layer heterojunction devices. Ace-PQ-Ni and AM6
combined with LuPcz as an intrinsic semiconductor lead to devices with rather high energy barriers,
4.5 and 6.5 V, respectively, as estimated from 1-V characteristics. These values explain the high
sensitivity towards NHz and the response stability compared to classical resistors, with LOD of 156
and 115 ppb for Ace-PQ-Ni and AM6 — based sensors, respectively. In addition, although both with
acurrent increase, the two porphyrin — based sensors show opposite sensing responses to NHs under
light illumination. Thus, for Ace-PQ-Ni/LuPc; device, the current variation under NHs largely
decreased upon light illumination. In sharp contrast, the current variation remarkably increased by
multiplication factor of 13 for AM6/LuPc> sensor under light illumination. This unusual behavior
observed for AM6/LuPc, sensor can be attributed to the linear conjugation in the n-extended
macrocycle of AM6. In comparison, Ace-PQ-Ni is a cross-conjugated n-extended porphyrin. This
work paves the way to further studies of n-extended porphyrins in organic electronics devices and

gas sensors.
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