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ABSTRACT: Although ambipolar materials are highly studied in organic electronics, they are rarely used in gas sensors. In
the present work, we studied ammonia sensing on organic heterojunctions in a bilayer configuration composed of octachlo-
rinated metallophthalocyanines (M(ClsPc); M: Co, Cu and Zn) as a sublayer and lutetium bis-phthalocyanine (LuPcz) as a top
layer. Despite small effect of metal atom in M(ClsPc) on the device current and the interfacial energy barrier, a strong effect
on NHs sensing behavior was found such that Co(ClsPc), Cu(ClsPc) and Zn(ClsPc) based devices exhibited n-type, p-type and
ambipolar charge carrier transport, respectively. Variable carrier transport has been explained by charges hopping at the
interface and subsequent heterojunctions formation. In particular, the ambipolar transport regime in Zn(ClsPc) based device
is triggered by the chemical doping from NHs and water, when the device is exposed longer under NHs at high humidity turn-
ing it n-type. Gas sensing studies performed in a wide concentration range of NHs at a variable relative humidity (rh) exhibited
very high sensitivity of these devices. The best performance is obtained with Co(ClsPc) based device demonstrated by very
high relative response (13% at 10 ppm NHs) and sensitivity (1.47%.ppm), sub-ppm limit of detection (250 ppb) and negli-
gible interference from rh. Such superior sensing characteristics based on a new heterojunction device make it an ideal NH3

sensor for real application.

Organic molecular semiconducting materials have
drawn wide research interests in developing elec-
tronic devices because of the fact that their electrical
properties can be strongly tuned by the interaction
with redox environment”. In fact such chemical doping
is a prerequisite for using thin films of these materials
in conductometric gas sensors where dynamics of
charge carriers transport in the sensing layer deter-
mines the sensitivity towards target gases?. Although,
majority of organic semiconductors are intrinsically
ambipolar®, possessing electron (e) and hole (h+) con-
duction channels, in ambient environment mainly uni-
polar transport behavior has been mainly observed,
where numerous p-type and a few n-type materials
transport properties have been exploited in gas sens-
ing devices like organic field-effect transistors
(OFETs)* or organic heterojunctions®. However, there
has been a growing endeavor to fabricate air-stable
ambipolar devices for sensors applications to tap their
advantages like dual mode operation (can work at
positive as well as negative bias voltage), multiplex
sensing at the same device platforms, which also helps
miniaturizing the devices.

In the field of chemical sensors, only a few examples of
ambipolar devices were reported, among which only

two dealing with inorganic materials, namely molyb-
denum telluride (MoTe;)® and a bromide perovskite
(CsPbBr3)” have shown bipolar carrier transport, but
with rather poor performances. Organic molecular
materials and particularly metal phthalocyanines
(MPc) are being increasingly investigated to achieve
the ambipolar transport regime®'?, and different
strategies has been adopted. While using only one
type of material, the design of organic semiconducting
materials are focused on materials with small gaps be-
tween highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO),
such that work function of the electrode could align
with both energy levels for efficient injection of both
charge carriers (e- and h*). Lutetium bis-phthalocya-
nine (LuPc2) is a typical example in which SOMO (Semi
Occupied Molecular Orbital)and LUMO are separated
by 0.5 eV and led to the first reported OFET with p and
n channels'. Beside LuPc;, ambipolar behavior of
other families of materials including halogenated te-
tracenes or pentacenes and heteroatoms containing
acenes, quinoidal quaterthiophene and tetracy-
anothienoquinoids and polyfluorene are worth men-
tioning®®. However, in the ambient air conditions such
behavior was suppressed because of oxygen and mois-
ture. The other approaches of attaining an ambipolar
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behavior are by combining n-type and p-type semi-
conductors either by sequential bilayer deposition'?13
or by codeposition developing a blend'. The latter ap-
proach is not very favorable owing to the difficulty in
morphologies control. Phthalocyanines-based bi-
layers, particularly fluorinated copper phthalocyanine
combined with its unsubstituted counterpart, have
been extensively investigated in OFET configuration
and have demonstrated the ambipolar transport'®6,
However, in the field of gas sensors only a few such de-
vices have been reported.

Recently, Y. Chen et al. studied solution processed thin
films transistors based on a series of bis(phthalocya-
ninato) (EuPcz) and tris-(phthalocyaninato) (EuzPc3)
complexes exhibiting a current decrease under NO3, as
for any n-type material and a current decrease under
NH3, indicating a p-type behavior, therefore clearly ex-
emplifying the ambipolar carriers transport'”'8. Same
group of authors also investigated the role of phenoxy
and naphthoxy substitution in EuzPc3 based FET de-
vices having a CuPc as underlayer in improving the
carriers concentration'®2% and reported h* and e- mo-
bility as 1.7 cm2 V-1 s-1 and 1.3 cm? V-1 s-1, respec-
tively, which translated into higher sensitivity toward
target gases. One of us recently reported a solution
processed bilayer OFET based on substituted copper
phthalocyanines, which exhibited highly selective and
sensitive ambipolar response towards ethanol, which
was also dependent on individual position of n or p
layer in the bilayer heterojunction?'. Chemoresistors
fabricated from triple decker phthalocyanine com-
plexes bearing p-fluorophenoxy moieties,
Lnz[Pc(OPhF)g]3, (Ln = Gd, Tb) also exhibited ambipo-
lar transport regime demonstrated by a current de-
crease under exposure to opposite chemical dopant
gases NO; and NH3 ?2. However, it must be mentioned
that all the materials leading to both p- and n-channels
in OFETs did not reveal ambipolar sensing behavior.
Thus, a triple decker phthalocyanine complex bearing
thiohexyl groups, Euz[Pc(S-hexyl)s]s, behaved as a n-
type material in chemoresistor configuration, with a
current decrease under NO;, but was unsensitive to
NHj3 and H2S?3. Other than OFETs and chemoresistors,
we have fabricated organic heterojunction type de-
vices®?* also patented by us, consisting of a low con-
ducting semiconductor as a sub-layer and high con-
ducting semiconductor as a top layer and some of
them have shown ambipolar characteristics. A hetero-
junction consisting of Cu(FsPc) as a sublayer and
LuPc; as a top layer, realized by vacuum sublimation,
revealed high sensitivity towards ammonia and ambi-
polar carrier transport regime at high humidity?°. Be-

side these, a few gas sensors based on hybrid materi-
als such as Zinc oxide/pentacene®® and diketo-
pyrrole?” in FET device configuration have also exhib-
ited ambipolar behavior. Despite high sensitivity of
some of the above mentioned gas sensors, ambipolar
materials are still little explored and further improve-
ments especially in the field of new materials develop-
ment, device design and sensors performance im-
provements are required.

Accordingly, in the present work, we have fabricated a
novel organic heterojunction devices based on octa-
chloro-metallophthalocyanines (M(ClsPc)) as a sub-
layer and LuPc; as a top layer (Scheme 1) and explored
their ambipolar behavior while applying for ammonia
sensing at different relative humidity (rh) values. De-
vices were fabricated by sequential deposition of
M(ClgPc) and LuPc; in bilayer which were also charac-
terized by optical spectroscopy to confirm the elec-
tronic structures of MPcs in the bilayer. Three different
M(ClgPc) (M: Co, Cu and Zn) were tested as sublayer in
order to study the effect of metal atoms in phthalocy-
anine on the ammonia sensing behavior. The effect of
different levels of relative humidity on ammonia sens-
ing in all devices has been extensively studied. Finally,
the analytical gas sensing parameters have been eval-
uated to demonstrate the practical applicability of the
sensing devices.

RESULTS AND DISCUSSION
Materials characterizations

The molecular structure of M(ClgPc)s and LuPc; has
been shown in Figure S1. M(ClgPc)s and LuPc; were
synthesized in our lab and their formation were con-
firmed by mass spectroscopy measurements. Differ-
ent organic heterojunctions studied here are named as
LuPcz/1, LuPcz/2, LuPcz/3 and LuPc;/4 where
Zn(ClgPc), Co(ClgPc), Cu(ClgPc) and CoPc represent 1,
2, 3 and 4 respectively. To further evaluate the struc-
ture, purity and the robustness of these materials un-
der high temperature vacuum sublimation, deposited
thin films bilayers were characterized by UV-Visible
electronic absorption and Raman spectroscopies.
Moreover, such measurements can also give infor-
mation about any possible electronic interaction tak-
ing place between two layers of phthalocyanine. Fig-
ure 1 shows the comparison of electronic absorption
spectra of LuPc, Zn(ClsPc) and LuPcz/Zn(ClgPc) bi-
layer, depicting superimposition of the typical phthal-
ocyanine Q absorption bands of LuPc; and Zn(ClgPc),
which is also indicative of absence of significant
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charge transfer in the bilayer. The maximum wave-
length, at 675 nm, belongs to LuPc; and the shoulders
at 645 and 695 nm belong to Zn(ClgPc). The weak
band below 500 nm corresponds to a transition of a
filled orbital towards the semi-occupied orbital of
LuPc,?%2°. The same type of spectrum was observed
for LuPcz/2 and LuPc;/3.
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Figure 1. UV-vis electronic absorption spectra of a film of
LuPc2/1 on glass, compared to those of LuPcz (green dashed
line) and 1 (red dotted line).

Raman spectra of the heterojunctions are compared to
those of powders of 1, 2, 3 and LuPc; (Table S1). They
show peaks that can be directly attributed to the two
layers, as shown by the superimposition of the spectra
of 1, LuPc; and the LuPcz/1 heterojunction (Fig. 2),
particularly in the range 1350-1650 cm-. Thus, for the
LuPcz/1 device, peaks can be directly attributed to the
LuPc; layer?, in particular the peaks at 578 cm-! cor-
responding to Pc breathing, at 783 cm to C=N aza
breathing, at 1122 cm to C-H bending, at 1158 cm!
to pyrrole breathing and the one at 1333 cm! to C=C
pyrrole and benzene stretchings. The peakat 1512 cm-
1 corresponds to C=C pyrrole stretching and coupling
of pyrrole and aza stretching. Other peaks can be as-
signed to the sublayer, at 659, 815, 861, 1048, 1394
and 1574 cml. Additionally, peaks are common to
both materials, among which the most intense are the
peaks at 682 cm! (Pc breathing), 1176 cm?! (C-H bend-
ing), 1409 and 1512 cm! (C-H bending) and 1599 cm-
1 (benzene stretching). These results also confirm that
the vacuum sublimation of chlorophthalocyanines and
LuPc; was achieved correctly without decomposing
the macrocycle ring of MPcs.
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Figure 2. (left) Raman spectrum of a LuPcz/1 heterojunc-
tion; the assignment of peaks characteristic of both materi-
als is given; (right) superimposition of spectra of 1 (solid
line), LuPc: (dotted line) and LuPcz/1 (dashed line) in the
range 1350-1650 cm't; the Raman shift value of the most in-
tense peaks of the two components is given.

Electrical properties

Resistors made from 1, 2 and 3 exhibited linear cur-
rent-voltage (I(V)) characteristics, with a very high re-
sistivity, estimated to be ca. 10°-1010 Q.cm. They were
subsequently adapted in a heterojunctions configura-
tion as shown in Scheme 1 as a 50 nm thick sublayer
of M(ClsPc) covered with 50 nm of LuPc; as a top layer
such that electrodes remain inside the sublayer. The
geometry of the heterojunction is original and is dif-
ferent from conventional OFET, since the poor con-
ducting material is in contact with the electrodes but
not the more conducting material. We patented this
type of heterojunction and used it with different sub-
layersssts,

===» LuPc:

-

"> M(CI:Pc)

1 s
X : Glass Substrate
1
NV
Interdigitated electrodes (ITO)

Scheme 1. Representation of the organic heterojunction de-
vices configuration.

The I(V) characteristics of the heterojunction devices
as shown in Figure 3 revealed a nonlinear, but sym-
metrical characteristics, with a current value at +10 V
of ca. 13, 6.3 and 3 pA for LuPcz/1, LuPc2/2 and
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LuPcy/3, respectively. The conductivity values also re-
mained in the same order of magnitude for the three
devices. The non-linearity in the I(V) curves confirms
the non-ohmic contact between LuPc; and M(ClsPc)
and the existence of an interfacial energy barrier be-
tween the two materials or/and between the elec-
trodes and the sublayers. The interfacial energy barri-
ers can be quantified by a threshold voltage obtained
by the x-intercept of the linear part of curves, at high
bias values. For LuPcz/1, this threshold voltage is 1.5
V, i.e. the lowest energy barrier in the series, against
1.9 V and 2.75 V for LuPcz/2 and LuPc;/3, respec-
tively. Thus, lower is the threshold value higher is the
current at +10 V. Such low variations in threshold
voltage are consistent with lesser impact of central
metal atom in phthalocyanine complex on its elec-
tronic properties3+35 like HOMO and LUMO levels
alignment. Nonetheless, it is evident that charge injec-
tion is relatively easier in Zn(ClgPc) based devices
while it is comparatively difficult on Cu(ClsPc) based
devices. On the other hand, heterojunction effect,
comprising opposite charges alignment at the inter-
face will be weaker in Zn(ClsPc) and stronger in
Cu(ClgPc).

1.0

——
l M(ClgPc) l
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-
P

#7715V 19V 275V

5

Bias (V)

Figure 3. I(V) characteristics of a LuPcz/1 (black dash dot),
LuPcz/2 (blue short dash) and LuPcz/3 (red dot) hetero-
junctions; the value of the threshold voltage is given for the
heterojunction. A schematic view of the heterojunctions is
given in the inset; the arrows indicate the main path for
charges.

Ammonia Sensing properties

The response of the devices towards ammonia vapor
was studied by submitting to a 90 ppm of NH3 for 10
min exposure cycle followed by 40 min recovery cycle
under clean air devoid of ammonia and the associated

variations in the current has been depicted in Figure
4. A contrasting behavior in the device current varia-
tions was observed as a function of metal atom as well
as chloro-substitution in the sub-layer phthalocyanine
exhibited by current increase for Co(ClgPc) while a
current decrease for Zn(ClgPc), Cu(ClsPc) and CoPc
based devices under ammonia and vice-versa under
clean air. Considering the electron donating nature of
NH3, seminconducting polarity of LuPcz/ Co(ClgPc)
heterojunction device is of n-type while others exhibit
p-type behavior, which also corresponds to the sub-
layer semiconducting nature®. The effect of chloro-
substitution in CoPc on obtaining opposite NHz re-
sponse is also clearly depicted in the I(t) curves in Fig-
ure 4b and 4d. The current variations under NH3 ex-
posure results from the chemical doping of electrons
from NH3 into the semiconducting bilayer, altering the
charge carrier concentrations and finally the device
current.
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Figure 4. Current variation as a function of time of LuPcz/X
heterojunctions, X =1 (a), 2 (b), 3 (c) and 4 (d) exposed to
90 ppm NHs for 10 min-long periods separated by 40 min-
long rest periods in synthetic air, with 30% rh, ata bias of 1
V.

[t is worth noting that LuPc; and MPc (M: Cu, Zn and
Co) are p-type semiconductors in air and their relative
energy bands position has been shown in Scheme-2a
depicting HOMO and LUMO levels of MPcs and SOMO
and LUMO of LuPc,35-38, Substitution by a strong elec-
tron withdrawing group such as halides does not
change the HOMO-LUMO gap but only shifts the two
bands towards the lower energy®”:3%49, Accordingly
the HOMO-LUMO levels of M(ClgPc) will be shifted to
the more negative energy as depicted in Scheme 2a
and will have higher workfunction (®) from their MPc
counterparts. Depending on the workfunction of
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M(ClgPc), there can be two pathways of e hopping at
the interface, either from HOMO of M(ClgPc) to SOMO
of LuPcz if ®rupcz > Pm(cispe), or from SOMO of LuPc; to
LUMO of M(ClgPc) if ®rupcz < Pmcispe). The Dzn(cisee) of
a thin film is 5.2 eV (HOMO: 6.41 eV, LUMO: 4.30 eV)
41 which is almost similar to ®pupc2 42 Although there
is a little influence of central metal in MPc on its elec-
tronic properties, a small variation in electronic prop-
erties can reverse the charge hopping pathways as
shown in the scheme 2a. It has been reported previ-
ously that among the MPcs, CoPc has the highest elec-
tron affinity while CuPc has the lowest and ZnPc has
the intermediate values between two35. Therefore,
electron hopping will take place via path 1 in LuPc,/2
devices (Prupcz < Pco(cisre)), while through path 2 in
LuPc/1 and LuPcz/3 (Prupez > Pcu(cispe)under an ex-
ternal bias. For LuPc2/4 device (®rupc2 > Pcopc), € hop-
ping from HOMO of CoPc to SOMO of LuPc; will be a
preferred path 43,

As described interfacial charges hopping ultimately
results in the formation of organic heterojunctions
also described previously*. It takes the form of accu-
mulation heterojunction (scheme 2c) for LuPc;/2 de-
vice because of e- hopping in Co(ClgPc) sublayer, which
creates equal number of h* in LuPc; top layer, while
hole accumulation/depletion heterojunction (scheme
2b) for LuPcz/1 and LuPc;/3 devices resulting from h+
accumulation in Cu(ClgPc) or Zn(ClgPc) and h* deple-
tion in LuPc;y, also illustrated in scheme 2b. It must be
noted that during the device operation, device current
will be determined by the e- or h+ carriers present in
the sublayer since electrodes are embedded in it.
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Scheme 2. Charges hopping at the bilayer interface depend-
ing on workfunction of each semiconductor in the hetero-
junction (a) and alignments of charges at the heterojunction
if ®rupc2 > Pmagre) (b) and if Prupcz < Pumagre (€).

During the NH3 exposure, it will act as a chemical do-
pant of e in the top LuPc; layer resulting in the de-
crease of its electron affinity because of e- filling in its
SOMO orbital and consequently it will facilitate the e-
hopping through path 1 and will suppress the e- hop-
ping through path 2. Such charge redistribution upon
NH3 exposure results in the enhanced e- accumulation
in LuPcy/2 while reduced h* accumulation in LuPcz/1
and LuPc;/3 sublayer. Therefore, a current increase
takes place in LuPcz/2 while a current decrease is no-
ticed for LuPcz/1 and LuPcz/3 devices upon NH3 ex-
posure while opposite trends during recovery steps
(Fig. 4). After 10 min exposure to 90 ppm of NHs, the
relative response, (RR), defined, as RR (%) =

—Ifl_lo x 100, is ca. +58% for LuPcz/2 against -55% for

0

LuPcz/3, -32% for LuPc2/4 and only -13% for
LuPcz/l.

It is also worth noting that, in the same experimental
conditions, LuPc; resistors exhibit a very bad re-
sponse to ammonia, in particular exhibiting low RR
and high drift of the baseline®3. Hence, the key role of
the bilayer device configuration and use of an oc-
tachlorinated phthalocyanine as a sublayer is improv-
ing the response towards NH3 is clearly established.

Humidity effect

The response of the devices towards NHz was also
studied at different rh values, in the range 30-70%,
during short exposure/recovery cycles (1 min / 4
min), at a constant NHz concentration, namely 30 ppm
(Fig. 5). This humidity range was chosen because in
most of the practical applications such as in industries
or in air quality stations, gas sensors operate within
this broad humidity range. For, LuPcz/2, the humidity
decrease induced only a slight drift of the baseline
(current value at the starting of each exposure pe-
riod), by 4% from 70% rh to 30% rh. This variation is
strongly lower than the response to 30 ppm NHs. For
LuPcz/3, the sensitivity to humidity was higher, such
that a change in +39% and +23% in RR is noted for a
rh variation from 70% to 10% and between 50% and
10%, respectively. Moreover, the absolute value of the
response to NH3 varies with the rh value. Interestingly,
for LuPc2/3, RR increases from 12.5% to 19.5% when
the rh value increases from 30% to 70% rh, while it
decreases for LuPc;/2, from 29% to 18% when the rh



Ouedraougo S. et al., ACS Sensors 2020, DOI 10.1021/acssensors.0c00877

value increases in the same range. This last behavior
is rather rare, because, generally, in chemiresistors, an
increase of the humidity induces an easier adsorption
of NHz molecules, then a higher response to NHs. This
can be attributed to competitive sorption kinetics of
H>0 and NH3 at higher rh, suppressing the electronic
effects of the gas molecules #°. For n-type heterojunc-
tion devices, less adsorption of NH3 results in smaller
electron transfer from LuPc; top layer to the Co(ClgPc)
sublayer, resulting in decrease in response of the de-
vice at higher rh.

The behavior of LuPc2/1 is dramatically different. In-
deed, the baseline increases by 38% from 70% rh to
30% rh, with a rather good reversibility when coming
back to 70% rh. This variation is higher than the re-
sponse to 30 ppm NHs. It means that humidity is a
strong interferent of NH3 only for this particular de-
vice. Such behavior can be explained by the e- doping
by water molecules in the LuPc; top layer, and accord-
ingly the e- hopping from the HOMO of Zn(ClgPc) will
be affected. Another phenomenon is still more sur-
prising with this sample: The response to NH3, nega-
tive at high rh values turns positive at lower rh values.
It means that this heterojunction behaves towards
NHj3 as a p-type or a n-type device, depending on the
humidity contained in the atmosphere. LuPc;/1 be-
haves as a p-type behavior at high rh values and as a
n-type at low humidity, which also clearly demon-
strates the ambipolar transport regime in this device.
It means that water molecules are not only doping e-
in the LuPc; top layer but also slowly diffusing in the
sublayer, and subsequent e- doping in the sublayer re-
duces its electron affinity and inverts the charge hop-
ping pathways at the interface, thereby transforming a

hole accumulation/depletion heterojunction into an
accumulation heterojunction with opposite device po-
larity towards NHs.

For LuPc,/1, the response to NH3 appears very small
compared to the other heterojunctions, with a RR
value at 30 ppm of +2% at 30% rh and -1% at 70% rh,
but only -0.5 at 50% rh. This unique behavior can be
explained only by the ambipolar character of
Zn(ClgPc), as we previously reported for Cu(FsPc) 25.
At a first glance, the response of this sensor to NH3
seems quite bad, since it is positive or negative de-
pending on the rh value. However, it can be taken ad-
vantage of such a behavior, the key point being the ca-
pability of the operator to control the change of elec-
tronic behavior, from p-type to n-type and vice versa,
as we will see hereafter.

Actually, we were able to get the LuPcz/1 heterojunc-
tion in its n-state, after a long exposure to NHz with
high humidity levels and it was stabilized in this state.
For this ambipolar device, an initial p-state (just after
fabrication) was always observed demonstrated by a
current decrease under ammonia. After an extended
operation under ammonia in humid atmosphere the
devices turned into n-state. A p to n transition could
be observed throughout 10 min - long exposure cycle
at 90 ppm NH3z, during which the current decreases
then increases as a function of time (Fig. S2). Such ob-
servations clearly demonstrate the role of NH3; and
H0 diffusion as a possible trigger in the ambipolar
carrier transport regime in LuPc,/1 device because of
their slow diffusion in the sublayer and subsequent e
doping. However, this phenomenon is observed nei-
ther with n-type LuPc2/2 nor with p-type LuPcz/3 de-
vice.

100

(a) g. Lupwznwap;} » lmo (b) 018 LuPe:ColClPc) l \ (€) o \LuPc /Cu(ClyPc) ﬂ[ '/i "

Ao T St TR s gy My
— i I = = “ 1l l|I|| ||]'.l- , | ﬁ:(nnci [ -y
E L0 ;,E g | || |IIEL.. :I III.III.E It IJI 'JI[ILJIL_JE L| I'JI"I\I 50 é = S50 é
= A = Zoaad IR U \ N £ —o08] £
= € - | NI Jn'l,\l'] ?,\J1 \ \| = [l n ’\: ; [IJI =

e oiz] - 0.07) [ g e [' e
I~ 0.06+ -
o 2000 4000 6000 8000 10000 O 2000 4000 6000 8000 10000 4000 8000 12000
Time (s) Time (s) Time (s)

Figure 5. Response to 30 ppm NH3 of LuPc2/X heterojunctions (X =1 (a), 2 (b) and 3 (c)) for 1 min / 4 min exposure/recovery

cycles, at different rh values, at a bias of 1 V.

Quantitative response to ammonia
The effect of the NH3z concentration was studied dur-
ing short exposure/recovery cycles (1 min / 4 min),

in the range 10-90 ppm (Fig. 6). For LuPc,/1, in its p-
state, the baseline was quasi stable all along the ex-
periment, except at the first exposure period. The RR
varies with the NH3 concentration, from -4.7% at 10
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ppm to -6.0% at 30 ppm and -9.1% at 90 ppm. In its
n-state, the RR increases non-linearly with the NH3
concentration, from +1.0% at 10 ppm to 2.35% at 30
ppm and +3.7% at 90 ppm (Fig. 7). In the same con-
ditions, the RR values were higher for other chlorin-
ated metallophthalocyanine - based heterojunc-
tions, with a RR value for LuPc2/2 of 84% at 90 ppm
and 13% at 10 ppm, respectively and of -27% and -
7% at 90 and 10 ppm, respectively, for LuPc/3 (Fig.
S3, S4). However, in all cases, the differences be-
tween the RR values at 90 and 60 ppm are very small,
showing that a saturation occurs in this concentra-
tion range.
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Figure 6. Response to NH3, in the range 10-90 ppm, of
LuPcz2/1 heterojunction in its p- (a) and n- (b) states, for 1
min/4 min exposure/recovery cycles, at 30%t rh, at a bias
of 1V.
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Figure 7. Relative response as a function of the NHs con-
centration for the LuPcz/1 heterojunction in its n-type
state.
To evidence this phenomenon, we studied the most
sensitive devices at lower NH3 concentrations, in the
1-9 ppm range. Taking into account the baseline cur-
rent o and the noise N at 1 ppm, on the I(t) curve,
LOD and LOQ can be calculated (Eq. 1 and Eq.2):

3N

LOD = - (1)
10N
L0Q = 3 2)

By plotting the RR value as a function of the NH3 con-
centration, two domains are revealed with different
sensitivity values (Fig. 7). For LuPcz/2, the sensitiv-
ity, defined as S = ARR/A[NH3z], was 0.90%.ppm-!
above 10 ppm and 1.48%.ppm-! below 10 ppm NH3,
with a LOD of 250 ppb and LOQ of 830 ppb, which
makes it as good as the best ammonia sensors oper-
ating at room temperature. Other reported hetero-
junctions using LuPc; as a top layer, by combination
with a conducting polymer, exhibited a LOD of 314
ppb*® and 450 ppb*’, in the same NH3 concentration
range, depending on the nature of the polymer and
on the geometry of the heterojunction. Elsewhere,
conducting polymer - carbon nanotube based resis-
tors exhibit a LOD of 200 ppb*®4°. LuPcy/3 is less
sensitive, with S = -0.14%.ppm below 10 ppm NH3,
with a LOD of 1.18 ppm. The LuPc;/1 heterojunction,
in its stabilized n-type state, exhibited a S value of
0.09%.ppm ! above 30 ppm and 0.20%.ppm-1 below
30 ppm, with a LOD of ca. 4.5 ppm.

CONCLUSION

In this study, we showed that the electrical proper-
ties of octachloro-metallophthalocyanines depend
on the metal center. As expected for monophthalocy-
anines, their conductivity is low, but they allowed
building heterojunction by association with LuPc.
The heterojunction device based on cobalt complex
exhibits a n-type behavior whereas the copper com-
plex exhibits a p-type behavior. Interestingly, the de-
vice based on zinc complex exhibits a unique feature
by showing p- and n-type carrier transport, which is
a typical case of ambipolar devices. In fact, the
LuPc;/Zn(ClgPc) heterojunction behaves as a p-type
device, after preparation, with a current decrease
under ammonia, but can turn to n-state after ex-
tended exposure of NH3z at high rh. Such device po-
larity transition is attributed to slow diffusion of NH3
and H;0 in the device sublayer, causing a chemical
doping of electron, which changes the electron affin-
ity of Zn(ClgPc). Thus, a role of central metal atom in
phthalocyanine is clearly emphasized in modulating
the electrical properties of the devices. Moreover,
such device characteristics is also correlated with
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the electron hopping between phthalocyanine fron-
tier orbitals at the interface, and subsequent evolu-
tion of charges alignment at the heterojunction. All
devices studied exhibited high sensitivity to NH3 out
of which one based on Co(ClgPc) gives the highest
sensitivity of 1.47%. ppm-1, lowest detection limit of
250 ppb and minimum interference of humidity,
which makes it among the best ammonia sensors op-
erating in ambient air and at room temperature.

This study allowed us going further in the under-
standing of the ambipolarity in gas sensors. Likewise
a balance that owns only one equilibrium state but
an infinity of unbalanced positions, the ambipolarity
can be achieved only if the positive and negative mo-
bile charges participate equally to the -carrier
transport of the device. However, its observation can
be prevented by trapping effects and specific interac-
tions with environment. In the present case, the hu-
midity can act as a trigger, and it could be considered
as an interfering species. On the contrary, because of
their unique feature, such ambipolar sensors would
enrich the set of data in sensor arrays, combining
them with unipolar sensors. So, the ambipolar be-
havior can make a conductometric sensor suitable
for a multimodal detection. We are currently work-
ing on external triggers capable to activate the both
states, to take plenty advantages of these unique ma-
terials.

MATERIALS AND METHODS
Materials preparation

2,3,9,10,16,17,23,24-octachloro-zinc ~ phthalocya-
nine (1). A mixture of 0.5 g (2.72 mmol) of 4,5-di-
chloro-phthalic anhydride, 0.169 g (0.8 mmol) of
zinc (II) acetate tetrahydrate, 1.4 g (3 mmol) of urea
and 0.015 g of ammonium heptamolybdate was re-
fluxed in nitrobenzene for 5 hours. The solid ob-
tained was filtered off, washed successively with eth-
anol and distilled water, then treated by hot 10%
aqueous HCI solution, followed by successive wash-
ings with toluene, ethanol, methanol and acetone in
a soxhlet. 0.288 g (0.4 mmol) of intense blue color
powder was obtained with a yield of 60%.
2,3,9,10,16,17,23,24-octachloro-cobalt phthalocya-
nine (2) and 2,3,9,10,16,17,23,24-octachloro-copper
phthalocyanine (3) were also synthesized following
the similar protocols while using a cobalt (II) acetate
tetrahydrate and copper (II) acetate tetrahydrate as
a precursor respectively.

Anal. Calcd. for C32HgClgNgZn: C, 45.03%; H, 0.94%;
N, 13.13; found: C, 44.93%; H, 0.93%; N, 13.22%.
MALDI-TOF-MS (matrix DIT) m/z: 853.5466 (M-~);
calculated for C32HgClgNgZn: 853.7411. FT-IR, (v, cm-
1): 1598, 1485, 1410, 1378, 1348, 1327, 1289, 1131,
1188, 1085, 1066, 944, 888, 839, 779, 740, 702, 660,

543, 495, 432. UV-vis (DMF): Amax, nm (log €): 347
(Soret band, 5.00), 632 (Q band, 4.94), 708 (sh).

UV-visible, Infra-red and Raman spectroscopies,
and mass spectrometry

UV-visible electronic absorption spectra were rec-
orded on a Shimadzu UV-2600 spectrophotometer.
FT-IR spectra were recorded on a Bruker Vector 22
spectrometer in transmission mode, using KBr pel-
lets. Raman spectroscopy was conducted employing
a Renishaw inVia Raman microscope with a 473 nm
laser. Mass spectra were recorded on a MALDI (ma-
trix assisted laser desorption ionization) BRUKER
Proflex III spectrometer,; using 1,8,9-anthracenetriol
as a matrix.

Devices and electrical measurements

Electrical measurements were carried out with In-
dium Tin Oxide (ITO) interdigitated electrodes
(IDE), lithographically patterned on (1 x 1) cm? glass
substrate and separated by 75 pum. Thin films of
phthalocyanines were prepared by sublimation un-
der secondary vacuum (ca. 10-¢ mbar) in a UNIVEX
250 thermal evaporator (Oerlikon, Germany), by
heating in a temperature range of 500-550°C for the
chlorinated phthalocyanines and in the range 400-
450°C for LuPcz. The deposited thicknesses were 30
nm for each chlorinated phthalocyanine complex
and 50 nm for LuPc;, as determined by a quartz crys-
tal microbalance during the deposition process. The
workbench used for NH3 sensing, at different rh val-
ues, was previously described3¢. Synthetic air, am-
monia gas, 1000 ppm and 100 ppm in synthetic air,
were used from standard cylinders, purchased from
Air Liquide (France). The total flow was in the range
0.5-0.55 NL.min-1depending on ammonia concentra-
tion and the volume of the test chamber was 8 cms3.
Gas sensing experiments were carried out in a dy-
namic way, alternating 10 min or 1 min - long expo-
sure periods with 15 min or 4 min - long recovery
periods, respectively. All the electrical and sensing
measurements were carried out at room tempera-
ture (20-24 °C).
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Figure S1. Structure of octachloro metallophthalocyanines (left) and lutetium bisphthalocyanine (right).
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Table 1. Raman data (in cm®) of LuPc2/1, LuPc2/2, and LuPc2/3 devices compared to these of each product

as powder, and their attribution (s: strong, m: medium and w: weak).

Zn(ClsPc) LuPcz2/1 LuPcz | Co(ClsPc) LuPc2/2 Cu(ClsPc) | LuPcz/3 | Assignment

powder MSDI powder | powder MSDI powder MSDI
547 w 550,565 w 548 w 549 w 556,565 w 547 w 547 w Pc breathing
578 w 578 w 579w 576 w | Pcbreathing
Pc breathing
660 S 659 w 663 S 663 w 661S 659w | Pcbreathing
685w 682S 682 S 690 m 682 m 689 w 680 m | Pcbreathing
749 w 743 m 735 m 751w 742 w 748 w 741w | CH wagging
783 m 781 m 783 w 781w | C=N aza Stretching
812w 815w 817 w 819w 812w 812w | Pcbreathing
861w 861w 868 m 867 w 864 w 864 w
1007 w 1012 w 1008 w 1007 w | CH bending
1033w CH bending
1046 m 1048 w 1056 m 1055w 1051 m 1051w | CH bending
1092 w 1104 w 1104w /| 1091w 1105w 1093 w 1104 w | CH bending
1122S 1122 S 1122S 1121 S | CHbending
1158w 1147 w 1159w 1158 S | pyrrole breathing
1167 m 1176 S 1177 m | 1174 m 1175 m 1169 m 1175S | CH bending
1191 m 1188 m 1182 m CH bending
1210 m 1210 w 1217w | 1209S 1211w 1207 m 1206 w | CH bending
1319w 1301w 1303w /| 1304 m 1304 w 1303w 1302w | CH bending
1333w 1333w 1336 w 1335w | C=C pyrrole and
benzene stretching
1394 S 1394 m 1386 S 1387 m 1367 m,
1392S
1410 w 1409 S 1408 S 1409 S 1408 S | isoindole stretching
1429 w 1426 w | isoindole stretching
1490 w C=C pyrrole stretchin
1510S 1512S 1512S 1513 m 1513 S | coupling of pyrrole
and aza stretching
1547 S 1546 m 1529 S 1531S | benzene stretching
1571S 1574w 1584 S 1577 S 1581 m | benzene stretching
1604 m 1599 S 1601S | 1607 S 1601S 1603 S 1600 S | benzene stretching
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Figure S2. Example of p to n transition observed with LuPcz/1 submitted to 90 ppm NHs, at 30% rh, with a bias of 1 V.
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Figure S3. Response to NHs, in the range 10-90 ppm, of LuPc2/2 (left) and LuPcz2/3 (right) heterojunctions, for 1 min/4 min
exposure/recovery cycles, at 30%t rh, at a biasof 1 V.
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Figure S4. Relative response as a function of the NHz concentration for LuPc2/2 (®) and LuPcz/3 (O) heterojunctions. The
linear fits at low concentrations are given.
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