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A series of new molecular semiconductor-doped insulator (MSDI) heterojunctions as conductimetric
transducers to NH3 sensing were fabricated based on a novel semiconducting molecular material, an
amphiphilic tris(phthalocyaninato) rare earth triple-decker complex, Eu,[Pc(15C5)4]2[Pc(OCioHz21)s],
quasi-Langmuir-Shafer (QLS) film, as a top-layer, and vacuum-deposited and cast film of CuPc as well
as copper tetra-tert-butyl phthalocyanine (CuTTBPc) QLS film as a sub-layer, named as MSDIs 1, 2 and
3, respectively. MSDIs 1-3 and respective sub-layers prepared from three different methods were char-
acterized by X-ray diffraction, electronic absorption spectra and current-voltage (I-V) measurements.
Depending on the sub-layer film-forming method used, a-phase CuPc film structure, 3-phase CuPc crys-
tallites and H-type aggregates of CuTTBPc have been obtained, respectively. An increasing sensitivity
to NH3 at varied concentrations in the range of 15-800 ppm, follows the order MSDI 2 < MSDI 3 < MSDI
1, revealing the effect of sub-layer film structures on sensing performance of the MSDIs. In particular,
the time-dependent current plot of the MSDI 1, with a-phase CuPc film as a sub-layer, clearly shows an
excellent separation of the different ammonia concentration levels and nearly complete reversibility and
reproducibility even at room temperature, which is unique among the phthalocyanine-based ammonia
sensors thus far reported in the literature. This provides a general method to improve sensor response of
organic heterojunctions by controlling and tuning the film structure of sub-layer with appropriate fabri-
cation techniques. On the other hand, the enhanced sensitivity, stability and reproducible response of the
MSDI 1 heterostructure in comparison with the respective single-layer films have also been obtained. A
judicious combination of materials and molecular architectures has led to enhanced sensing properties
of the MSDI 1, in which control at the molecular level can be achieved.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

The development of chemical sensors is nowadays one of the
most representative examples of multidisciplinary research. The
contribution of chemistry becomes critical when the aim deals
with the accomplishment of better sensing performances, either
from the molecular engineering of the sensitive compounds, dur-
ing their assembly in solid phases or even in the final step, the
device’s design [1]. As the typical representative of functional
molecular materials with large conjugated electronic structure,
phthalocyanines offer a large variation of molecular properties,
due to the great number of possible peripheral substituents and
coordinated metals [2]. That versatility appears particularly on the
energy levels position, their electrochemical properties and their
intermolecular interactions, for example with adsorbed gaseous
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molecules [3]. Thus, phthalocyanines behave either as semicon-
ductor or as doped insulator (extrinsic semiconductors, of n- or
p-type, depending on their chemical nature) [1]. The modulation
of the electrical properties of these materials by exposure to oxi-
dizing or reducing gases is known to arise from their semiconductor
behavior [4-6]. While neat metallophthalocyanine thin films can,
under controlled conditions, function as responsive chemiresis-
tors, they have important operational drawbacks as standalone
sensors. Metallophthalocyanines generally require both a high
temperature (80-170°C) as well as a large applied electric field
to function as chemiresistors [7,8]. Among the large family of the
phthalocyanines, double-decker phthalocyanines, and especially
the lutetium derivatives, have been subject to extensive investi-
gations because of their radical nature and their possible use in gas
sensing applications as well as in photovoltaic and organic elec-
tronic devices [9,10]. On the other hand, tetrapyrrole rare earth
triple-decker analogues have aroused increasing attention because
of the extension of the 1 networks along the axis perpendicular to
the macrocycle plane [11-13]. Solution-processed thin solid films


dx.doi.org/10.1016/j.snb.2010.11.042
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:marcel.bouvet@u-bourgogne.fr
dx.doi.org/10.1016/j.snb.2010.11.042

166 Y. Chen et al. / Sensors and Actuators B 155 (2011) 165-173

R=_H: CuPc R
R=-C(CHin : CuTTBP¢

e ' substrate
Eu, [Pe(15C5),1,[Pe(O CyoHy, %] electrode
Top-layer Sub-layer Abbreviation
CuPc vacuum-
Euy[Pe(15C5),L,[Pc(OC,gH, )] deposited film MSDI1
QLS film CuPc cast film MSDI2
CuTTBPc QLS film MSDI3

Fig. 1. Schematic molecular structures as (a) top-layer, (b) sub-layer of the MSDI and (c) architecture of the MSDI device.

of amphiphilic tris(phthalocyaninato) rare earth triple-deckers
M, [Pc(15C5)4]2[Pc(OCgH17)g] (M=Eu, Tb, Lu) have been revealed
to display excellent FET performance [14]. This led to the synthesis,
characterization, and systematic investigation for the semiconduc-
tor properties of a series of amphiphilic tris(phthalocyaninato) rare
earth triple-decker complexes [15-18].

In previous work, we designed and characterized a new
type of conductimetric transducer, called MSDI for molecular
semiconductor-doped insulator heterojunction and resulting from
the combination of two types of molecular materials [19]. It
is a simple device formed by a thin film-based heterostruc-
ture. We used as a sub-layer with diverse functional molecular
materials, such as unsubstituted or fluorinated copper phthalo-
cyanine Cu(F,Pc) (n=0, 8, 16), which is in contact with two
interdigitated electrodes by vacuum sublimation, and vacuum-
deposited LuPc, film as a top layer, being the only material
available to interact with the outer atmosphere. In the MSDI
heterojunction, due to its own electronic properties, the gas
sensitivity of LuPc, was modulated, even inverted, depend-
ing on the nature of the doped insulator used as sub-layer
[20,21]. Very recently, we developed successfully a simple quasi-
Langmuir-Shéfer (QLS) process for fabricating ordered ultra-thin
films of an amphiphilic tris(phthalocyaninato) rare earth triple-
decker complex, Euy[Pc(15C5)4]2[Pc(0CqoHz21)g], as chemiresistive
03 sensor. Sensitive, stable and reproducible responses to O3 gas
were obtained for this kind of ultra-thin QLS films [22]. However,
such examples for triple-decker phthalocyanines-based sensors are
still rare. In the present work, we prepare a series of new MSDI het-
erojunctions as conductimetric transducers to NH3 sensing based
on Euy[Pc(15C5)4][Pc(0C19H21)g] QLS film as a top-layer, and
vacuum-deposited and cast film of CuPc as well as copper tetra-
tert-butyl phthalocyanine (abbreviated as CuTTBPc) QLS film as
a sub-layer, named as MSDIs 1, 2 and 3, respectively (Fig. 1).
MSDIs 1-3 and respective sub-layers prepared from three differ-

ent methods were characterized by X-ray diffraction, electronic
absorption spectra and current-voltage (I-V) measurements. The
gas-sensing characteristics exhibit a strong dependence on the
film structure of sub-layer, which provides a general method to
improve sensor response of organic heterojuctions by control-
ling and tuning the film structure of sub-layer with appropriate
fabrication techniques. Furthermore, the enhanced sensitivity, sta-
bility and reproducible response of the MSDI 1 heterostructure in
comparison with the respective single-layer film have also been
obtained. The present work, representing our continuous efforts
in understanding the relationship between the film structure and
gas sensor performance of tetrapyrrole organic semiconductors
[19-22], will be helpful for attracting further research interests over
the new transducer in the field of chemical sensors and the semi-
conducting properties of phthalocyanine derivatives, in particular
triple-decker rare earth phthalocyanines for sensor applications.

2. Experimental
2.1. Materials and chemicals

CuPc (B-phase) and CuTTBPc were purchased from Aldrich
Chem. Co. (purity: 97%) and used without further purification.
The amphiphilic heteroleptic tris(phthalocyaninato) rare earth
triple-decker complex, Euy[Pc(15C5)4]2[Pc(OCqgH31)g], was used
as synthesized previously [ 16]. All other reagents and solvents were
of reagent grade and used as received.

2.2. Devices fabrication

The heterojunctions as MSDI devices were built by two-step
deposition of the corresponding molecular materials onto ITO/glass
interdigitated electrodes (IDEs), which contained 10 pairs of ITO
electrode fingers deposited onto a glass substrate, separated by
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75 p.m with 20 nm electrode thickness. Firstly, vacuum-deposited
and cast films of CuPc as well as CuTTBPc QLS film, as a sub-
layer of MSDIs 1, 2 and 3, respectively, were fabricated. And then
Euy[Pc(15C5)4]2[Pc(0OCqgH31)g] as the top layer was transferred on
sub-layer of three types of MSDI devices by the QLS technique,
respectively [22].

Thin film deposition was conducted as following: (i) vacuum-
deposited CuPc film: the 100 nm thick film of CuPc was deposited
on ITO/glass IDEs by means of classical thermal evaporation
(using a VEECO 770 system) from a tantalum boat, at ca.
10~®mbar, and a 2As~! rate. Deposition rate and film thick-
ness were monitored by quartz crystal microbalance; (ii) cast
film: due to the poor solubility in organic solvent, CuPc powder
was dispersed ultrasonically in chloroform (4.1 mgmL-1). 20 uL
of CuPc suspension was cast on an ITO/glass IDEs (1cm x 1cm),
using a glass micro-syringe and thus subject to drying in
air. The thickness of resulting films was estimated to about
500nm (CuPc density: 1.62gcm3); (iii) quasi-Langmuir-Shifer
(QLS) film: QLS film was prepared as described previously [22].
Briefly, 4.0 mL of CuTTBPc (0.31 mgMI~!, 4.5 x 104 molL~1) and
Euy[Pc(15C5)4]2[Pc(0Cq9H21)8] (0.30mgmL~1,6.5 x 107> mol L~1)
chloroform solution was put into a cylindrical glass container (ca.
24 cm? internal volume), respectively, then 2 mL water was slowly
added onto the surface of the solution, while chloroform solu-
tion surface of the sample was incompletely covered by water.
During CHCl3 solvent evaporation, organic molecules gradually
assembled to form some fine nanostructures at the CHCl3/water
interface. After complete evaporation of CHCl3, the densely packed
film remained on the water surface. After carefully adding more
water into the container, the film can be easily transferred by
horizontal lifting from the water surface onto the ITO/glass IDEs.
The process was repeated to obtain the required number of lay-
ers. Residual water on the substrates, between transfer steps and
after the final transfer, was removed with a stream of argon. It
should be noted that, prior to the deposition, substrates were suc-
cessively sonicated in dichloromethane, methanol and distilled
water and dried with argon gas. In present case, the 15-layer
CuTTBPc and 6-layer Euy[Pc(15C5)4]2[Pc(OC19H21)g] QLS film are
obtained as sub-layer of MSDI 3 and top-layer of all MSDIs, respec-
tively.

2.3. Characterization

X-ray diffraction (XRD) experiments were carried out on Gonio-
metric CPS 120/Cu X-ray diffractometer with copper (Ka) radiation
(A=1.5406 A). UV-vis absorption spectra were recorded on a Var-
ian Cary/1E UV-visible spectrophotometer. Abare ITO/glass IDE was
used as a reference for UV-vis spectra measurement. Atomic force
microscopy (AFM) images were collected in air under ambient con-
ditions using the tapping mode with a Veeco Nanoscope Multimode
IIIA SPM.

2.4. Device measurements

The fundamental electrical and sensor measurements were per-
formed using a Keithley 6517 electrometer with an incorporated
DC voltage supply, always at room temperature. The electrom-
eter is controlled by self-made software via the GP-IB board.
Current-voltage (I-V) curves were registered in the range (—-10
and +10V), starting and finishing at OV bias to avoid irreversible
polarization effects. On the other hand, the NH3-sensing proper-
ties of samples have been examined by exposing the corresponding
films to different concentrations of ammonia and measuring the
current changes of the films at a constantly polarized voltage of
5V.
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Fig. 2. X-ray diffraction patterns of the sub-layer and corresponding MSDI hetero-
junction on ITO/glass IDEs: (a) CuPc vacuum-deposited film, (b) MSDI 1, (c) CuPc
cast film, (d) MSDI 2, (e) CuTTBPc QLS film, and (f) MSDI 3.

2.5. Gas sources for sensing experiments

The desired ammonia concentration was produced by diluting a
mixture NH3/Ar (1000 ppm NH3, from Air Liquide, France) with dry
Ar using two mass flow controllers (total mass flow: 0.5Lmin~1).
The maximum water contents in ammonia and argon cylinders
purchased were 100 ppm and 2 ppm respectively.

3. Results and discussion
3.1. XRD study

The quality of the three types of MSDI film and correspond-
ing sub-layers has been assessed using X-ray diffraction (XRD)
technique. The MSDIs 1-3 and corresponding sub-layers deposited
on ITO/glass IDEs give clear diffraction peaks (Fig. 2). The XRD
diagram of a vacuum-deposited CuPc film shows only one well-
defined diffraction peak at 20=6.97° (d=1.27 nm) (Fig. 2a). The
distance of 1.27 nm between the plane of the copper atoms in
one layer and that in the next layer is in fair agreement with the
reference value (1.26 nm) of the a-phase CuPc [23,24]. The sin-
gle peak is the result of diffraction from the (002) lattice planes
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of a-phase CuPc separated by approximately the inter-stacking
distance [25,26], therefore, implies that the trace of the herring-
bone pattern is parallel to the substrate, which is confirmed by
the UV-vis experimental result as detailed below. The XRD pat-
tern of MSDI 1 heterojuction is shown in Fig. 2b. It consists of two
different peaks at 20=3.98° (d=2.21nm), 6.97° (d=1.27 nm), cor-
responding to the (001) and (002) lattice plane of the top-layer
and sub-layer, respectively [22-24]. The (001) Bragg diffraction
peak of Euy[Pc(15C5)4]2[Pc(0Ci9H21)g] QLS film as a top-layer
appeared in MSDI 1 heterojuction indicates the existence of an
ordered layer structure parallel to the substrate [22,27,28] The typi-
cal amphiphilic properties of the triple-decker molecule ensure the
high quality of the multilayer film fabricated by a simple QLS thin-
film deposition technique. According to our previous studies [22],
the d-spacing of 2.21 nm is assigned to the distance between two
adjacent Euy[Pc(15C5)4]2[Pc(0OCq9H21 )g] molecules in the longitu-
dinal direction, in which Eu, [Pc(15C5)4]2[Pc(OC19H>21 )] molecules
took a face-on conformation with edge-to-edge stacking. Further-
more, the diffraction peak of a vacuum-deposited CuPc film in both
MSDI 1 and its single-layer film has the same position, as compared
in Fig. 2a and b, implying that CuPc molecules in MSDI 1 hetero-
junction still took the same molecular stacking structures as in the
single-layer film. Therefore, the configuration on the CuPc planes
is oriented edge on with respect to the substrate, which is believed
to be favorable in charge-carrier transportation at the interface of
the two phases [26]. On the other hand, X-ray diffraction pattern of
CuPc cast film shown in Fig. 2c is analogous to the powder diffrac-
tion pattern reported for 3-CuPc in the literature [29]. Indexing was
carried out for seven peaks in the lower angle part (less than 20° in
20), labeled in Fig. 2c and d, which is known to be a thermally stable
[3-phase polymorph of CuPc and its structure was found by Brown
to have a monoclinic P21/a space group [29]. The observation of
a number of peaks at a low angle region indicates that the CuPc
cast film in the present case (~500-nm thick) consists of randomly
oriented [3-CuPc crystallites in this case.

Due to its poor solubility, it was impossible to deposit CuPc
film by the QLS technique. It is the reason why CuTTBPc was
chosen as sub-layer of MSDI 3 in order to take advantage of
the QLS technique. A Bragg diffraction peak of CUTTBPc QLS film
occurred at 20=5.22°, which corresponds to a diffraction period
of 1.69nm as shown in Fig. 2e. The peak position is almost the
same as in CuTTBPc LB film (20=5.29°, d=1.67 nm) reported by
Lee et al. [30]. From this literature, CUTTBPc molecules in its LB
films fabricated by vertical deposition took a face-to-face configu-
ration with their molecular planes perpendicular and the molecular
columns parallel to the substrate surface. Therefore, it can be
deduced that CuTTBPc molecules have here a similar face-to-face
configuration. It should be noted that two group diffraction peaks
were also obtained in both MSDI 2 and MSDI 3 heterojunctions
(Fig. 2d and f), which belong to Euy[Pc(15C5)4]2[Pc(OCi9H21)s]
QLS film (as the top-layer) and CuPc cast film or CuTTBPc QLS
film (as the sub-layer), respectively. However, the peak position
of Euy[Pc(15C5)4]2[Pc(0CqpH21)g] QLS film in MSDIs 1-3 did not
show a significant change (Fig. 2b, d, and f), suggesting similar
packing behavior of the Euy[Pc(15C5)4]2[Pc(OCqgH21)g] molecules
deposited onto the three different types of sub-layer.

3.2. UV-vis absorption spectra

To further obtain information about the films structures, UV-vis
absorption spectra of the MSDIs 1-3 and the corresponding sub-
layer deposited on ITO/glass IDEs were recorded as shown in
Fig. 3. In a previous work, we have already reported the electronic
absorption spectrum of the Eu,[Pc(15C5)4]2[Pc(OCi9H21)g] QLS
film [22]. It displays a broadened and red-shifted Q-band (654 nm),
as compared to that in solution (647 nm) due to formation of edge-
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Fig. 3. UV-vis absorption spectra of the MSDI heterojunction (solid line) compared
to corresponding sub-layer (dashed line) and top-layer (dotted line) on ITO/glass
IDEs. (a) MSDI 1 and the respective single-layer films, (b) MSDI 2 and the respective
single-layer films, (c) MSDI 3 and the respective single-layer films as well as CuTTBPc
in CHCl; (dashed dotted line).

to-edge-type aggregates (J-type aggregates), which is also shown in
Fig. 3 (dotted line) for comparison purposes. It has been suggested
that the UV-vis spectrum of MPcs originates from the molecular
orbitals within the aromatic 18- electron system and from over-
lapping orbitals on the central metal [31]. It is seen that for the
vacuum-deposited CuPc film (Fig. 3a, dashed line), absorption due
to - transitions on the phthalocyanine macrocycle appeared in
the visible region at 616 and 694 nm (Q band) exhibiting a doublet
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due to Davydov splitting [32-35]. And the intensity of the higher
energy (616 nm) peak is larger than that of the lower energy peak
(694 nm). This represents a typical feature of a-CuPc [24]. Further-
more, the Q band of the vacuum-deposited CuPc film is broadened
and blue shifted with respect to that of CuPc in solution reported
by Lin and co-workers [32], indicating the formation of a face-to-
face (H-type aggregates) stacked molecular structure and strong
intramolecular interactions between phthalocyanine rings. These
are well in accordance with the conclusion deduced from XRD stud-
ies detailed above. For CuPc cast film (Fig. 3b, dashed line), peaks
are shifted to 640 and 715 nm and the intensity of the higher energy
peak is smaller than that of the lower energy peak indicating the
formation of 3-CuPc [24,31,36], in agreement with XRD results.
Solution and thin film absorbance spectra of CuTTBPc are shown
in Fig. 3c. The dilute chloroform solutions of CUTTBPc show Q-band
absorbance at ca. 679 nm (Fig. 3¢, dashed dotted line), correspond-
ing to the Pc monomer [30]. With CuTTBPc QLS film, the Q-band
broadens and blue-shifts to yield a peak at ca. 622 nm, which arises
from co-facial aggregation of the Pc [30,37], also consistent with
XRD results.

For MSDIs 1-3, the UV-vis spectra show the absorption char-
acteristics of both a top-layer (Euy[Pc(15C5)4]2[Pc(OC10H>21 )g] QLS
film) and a sub-layer (CuPc or CuTTBPc film), shown in Fig. 3a-c
(solid line), hinting at the presence of a segregated molecular
stacking structure. UV-vis spectrum of MSDI 1 shows the dis-
tinct characterized two Q-bands, appearing in the region between
550 and 750 nm, in Fig. 3a, solid line. Since the Q-bands of both
Euy[Pc(15C5)4]2[Pc(0OCqgH31)g] QLS film (654 nm) and a-CuPc film
lie in the same region, the overlap of Q-band from top-layer and
sub-layer results in broaden Q-band at 623 and 686 nm, respec-
tively. Obviously, a doublet due to Davydov splitting from a-CuPc
film still exists in MSDI 1 heterojunction. For UV-vis spectrum of
MSDI 2 (Fig. 3b, solid line), the two relative intense absorption
bands, at around 656 and 350 nm, correspond to the Q-band and B-
band of Eu, [Pc(15C5)4]2[Pc(OC19H21 )g] QLS film, respectively. And
the character of Davydov splitting of Q-band from (3-CuPc film is
also present in the heterojunction, compared to single-layer film of
[3-CuPc (Fig. 3b, dashed line). The spectrum of the MSDI 3 exhibits a
main Q-bands at 626 and a shoulder near 660 nm, which belongs to
CuTTB and Euy[Pc(15C5)4]2[Pc(OCqoHz21)g] QLS film, respectively.

3.3. Current-voltage (I-V) characteristics

To ensure that all the devices, MSDIs 1-3 and the respective
single-layer films, have a good electrical contact to the electrodes,
the I-V curves were measured. All devices exhibit similar Ohmic
behavior at low bias voltages, shown in Fig. 4. In the MSDI devices,
the positive and negative polarizations correspond to charge injec-
tion in the CuPc sub-layer, in contrast to the typical forward and
reverse polarizations in diode-type heterojunctions [20,21]. As a
result, the current developed by the MSDIs remains perfectly sym-
metrical. However, the response increases in the order MSDI 2
(current amplitude in the 9.3 x 10-8 A range)<MSDI 3 (current
amplitude in the 2.5 x 10~7 A range) <MSDI 1 (current amplitude
in the 3.7 x 107 A range). A very similar trend of current change
is also observed in the respective sub-layer of MSDIs 1-3: CuPc
cast film (as a sub-layer of MSDI 2, current amplitude in the
3.9x 1079 A range)<CuTTBPC QLS film (as a sub-layer of MSDI
3, current amplitude in the 5.0 x 10~2 A range)<CuPc vacuum-
deposited film (as a sub-layer of MSDI 1, current amplitude in the
4.8 x 10~8 Arange). Thus, there is a significant sub-layer film struc-
ture dependence for the conductivity of semiconducting MSDI 1-3.
In light of the previous observations, and as reported in the litera-
ture with regard to electrical characterization of MPcs compounds
[14,15,17,18,22,25,28]: higher is the order of an one-dimensional
densely packed molecular architecture in the film matrix, higher is
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Fig. 4. Representative [-V characteristics of (a) MSDI 1 and the respective single-
layer films, (b) MSDI 2 and the respective single-layer films, and (c) MSDI 3 and the
respective single-layer films.

the mobility of charge carriers, resulting in a higher current passed
through the devices. For the 3-CuPc, continuity of the conductive
path is disrupted by the randomly oriented 3-CuPc crystallites,
having little contributions to the conductivity [5], thus the cur-
rent is much smaller than that of the a-CuPc films. So, the best
film quality of sub-layer of these MSDIs has been obtained by
vacuum sublimation of CuPc in MSDI 1. In any case, the current
developed by MSDI heterojunctions is higher than that exhibited
by doped insulator single layer resistors (current amplitude in the
5x 1078 to 4 x 10~2 A range), but lower than that developed by
Euy[Pc(15C5)4]2[Pc(0OCqgH31)g] single layer (current amplitude in
the 8 x 10~7A range). This indicates that the charge transfer in
the MSDI heterostructures is governed by both the charge injec-
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Fig. 5. The time-dependent current plots for MSDIs 1-3 exposed to different ammonia concentrations for 1 min exposure and 4 min recovery period in the range of (a)
50-200 ppm, and (b) 15-800 ppm, while the bottom rectangular pulses for each current plot represent the NH3 concentration as a function of time.

tion into the sub-layer and the current flowing across the organic
heterointerface. Instead of the determined conductivity of single
semiconductor layer, the conductivity of the bilayer device is tuned
by changing film forming method of sub-layers.

Before gas sensing measurement, the stability of cur-
rent of MSDIs 1-3, and corresponding sub-layer as well as
Euy[Pc(15C5)4]2[Pc(OC19H31 )g] film, in dry argon (as dilutent gas
for different concentrations of NH3, total mass flow: 0.5Lmin~1),
has been tested by a I-V measurement in the range (-10 and
+10V) for the continuous 20 cycles, starting and finishing at
0V bias. The current of the devices showed a relative stable
behavior vs. time. Fig. A1 (Suppl. Mater.) displays the time-
dependent current plots of MSDI 1, CuPc vacuum-deposited
film and the Euy[Pc(15C5)4]2[Pc(OCqoH21)g] QLS film exposed
to dry argon, in the range (—10 and +10V), as typical exam-
ples of the MSDI and sub-layer series, together with that of the
Euy[Pc(15C5)4]2[Pc(OC19H21)g] QLS film (as a top-layer). So, the
effect of the value of relative humidity on the surrounding atmo-
sphere on the NH3 response properties was neglected in the present
case. The combined effect of ammonia and water has been reported
previously with LuPc; resistors [10].

3.4. Responses of the devices to NH3

Responses of the MSDIs 1-3 sensors were determined from the
time-dependent current plots when exposed to NH3 (15-800 ppm)
diluted in dry argon, at room temperature. The sensing perfor-
mances were studied with a duty cycle where dynamic exposure
period is fixed at 1 min and static recovery period at 4 min. As
expected (Fig. 5), current of the MSDIs 1-3 devices decreases under
ammonia, due to a decrease of the density of free charge carri-
ers in the Euy[Pc(15C5)4]2[Pc(0Cq9H21)g] layer of the MSDIs 1-3,
which should be attributed to hole trapping within the p-type film
by electrons donated from the chemisorbed NH3 [38,39]. It can be
seen qualitatively in Fig. 5 that, the reversibility, reproducibility and
response to NH; follow the order MSDI 1 > MSDI 3 > MSDI 2, reveal-

ing the effect of sub-layer film structures on sensing performance
of the MSDIs. In particular, change in current of the MSDI 1, with the
CuPc vacuum-deposited film (100-nm thick) as a sub-layer, clearly
shows an excellent separation of the different ammonia concen-
tration levels and nearly complete reversibility and reproducibility
after undergoing only one dynamic exposure-recovery (inert gas
flow) cycle, even at room temperature (Fig. 5a(1)). The current drift
at the end of the recovery period is 0.095nA per cycle for MSDI
1, i.e., 0.13% of start current (74.3 nA) for the overall experiment.
This feature shows a comparatively better reversibility and repro-
ducibility toward NH3 at room temperature as compared to both
a LuPc, /PTCDI MSDI heterojunction-based sensor tested by Bouvet
et al. [21] and a polypyrrole-based amperometric ammonia sen-
sor reported by Lihdesmadki et al. [40]. It is interesting to reveal
that the ammonia gas sensor based on MSDI 1 shows a much bet-
ter response in comparison to phthalocyanine-based materials like
LuPc; thin films at room temperature [10] and ZnPc at 180°C [39].

In order to quantitatively analyze the sensor responses, the
percent current change was calculated for each concentration, as
follows:

lo—1Ir
Ip

%current change = {

} x 100 (1)

where I is the current at the start of an exposure/rest cycle and
Ir is the current at the end of the 1min exposure period. That
value is designated as the sensor response. In the present case,
the exact values of Iy and Iy, at a given NH3 concentration are
selected from each exposure period of five repeated cycles series
as depicted from Fig. 5a. The MSDIs 1-3 sensor responses are lin-
ear with respect to NH3 concentration (Adj. R% >0.98) (Fig. 6),
suggesting first-order analyte-film interaction kinetics [41]. The
slope (% ppm~1) of the linear fit of the percent current changes as
a function of NH3; concentration, for MSDIs 1, 2 and 3 is 0.041,
0.0057 and 0.0091, respectively. The highest sensor response is
obtained for the MSDI 1 with a sub-layer of 100-nm thick vacuum-
deposited film of CuPc. The relative sensitivity for MSDI 3 with a
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Fig. 6. Sensor response varies linearly with NH; concentration of MSDI 1 (A), MSDI
2 (B) and MSDI 3 (C). The slope (% ppm~"', R? > 0.98) for every one may be used as a
measure of sensor response.

sub-layer of 15-layer thick (ca. 25 nm deduced from XRD measure-
ment) [42] QLS film of CuTTBPc is superior to that of MSDI 2 with
a sub-layer of about 500-nm thick cast film of CuPc. The results
show that structure of sub-layer film from the MSDIs has a pro-
nounced effect on the sensing behavior of the MSDI devices. In all
the MSDI devices, the Euy[Pc(15C5)4]2[Pc(OC19H21)g] layer is the
only organic film exposed to ammonia, whereas the sub-layer plays
the role of modulator of the effective charge carrier’s nature, by tun-
ing the electronic characteristics of the organic heterojunction. By
means of various fabrication techniques for a highly ordered film,
it is possible to select the active sub-layer with suitable character-
istics for improving the top-/sub-layer interface and enhancing the
performances of the MSDI-based sensors. It is worth noting that, in
comparison with LuPc, /PTCDI MSDI heterojunction-based ammo-
nia sensor in our previous study [21], MSDI 1 in the present case
has shown higher sensor response (0.04% ppm~! vs. 0.02% ppm~1)
with shorter dynamic exposure and recovery period (1 min/4 min
vs. 2 min/8 min) and better stability and reproducibility evaluated
from drift of current. In addition, instead of vacuum-deposited films
used in top-layer of LuPc,/PTCDI MSDI heterojunction, simpler
solution-processed film is used as top-layer in this work.
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Fig. 8. Energy level diagram for CuPc and the Eu,[Pc(15C5)4]2[Pc(OCi0Hz21)s]
molecules.

Since both Euy[Pc(15C5)4]2[Pc(0CioH21)g] and MPcs com-
pounds are very functional materials used in organic electronics
purposes due to their efficient hole transport skills [14,26],
the response of individual Euy[Pc(15C5)4]2[Pc(OCi9H21)s] QLS
film and CuPc vacuum-deposited film to ammonia was deter-
mined to assess their roles as the top-layer and the sub-layer
in the MSDI 1 heterojunction behavior (Fig. 7). Evidently, sin-
gle component films of Euy[Pc(15C5)4]>[Pc(OCi9H21)g] or of
CuPc exhibited lower reversibility, reproducibility, response to
NH; than MSDI 1 in the same experimental condition. In
agreement with the reported ammonia sensing behavior from
metallophthalocyanine-based chemiresistors [7], neat CuPc film
exhibits poor sensitivity to NH3 (Fig. 7a(1) and b(1)). On the oppo-
site, Euy[Pc(15C5)4]2[Pc(OCygH21)g] QLS film is rather sensitive to
NHj3 (Fig. 7a(2) and b(2)). It is well known that the response of the
chemoresistive sensors to electron-donating (reducing) gas, such
as NHs, depends on the nature of electron affinity of the molec-
ular materials used, which in turn influences the charge transfer
interaction [39]. Therefore, the schematic energy levels of CuPc
and Euy[Pc(15C5)4]2[Pc(0OC19H31)g] are shown in Fig. 8, which
are accepted values cited in the literature [15,32]. It can be seen
that Euy[Pc(15C5)4]2[Pc(0OCqoH31)g] accepted electrons more eas-
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Fig. 7. The time-dependent current plots of CuPc vacuum-deposited film and the Eu,[Pc(15C5)4]2[Pc(OCi0Ha21)s] QLS film exposed to NHs at varied concentrations in the
range of (a) 50-200 ppm and (b) 15-800 ppm (exposure: 1 min, recovery: 4 min), while the bottom rectangular pulses for each current plot represent the NH3 concentration

as a function of time.
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Fig. 9. Comparison of time-dependent relative differential current response for
the NH3(g) concentrations in the range of 15-800 ppm of the MSDI 1 (solid line),
Euy[Pc(15C5)4]2[Pc(0C10Ha21)s] QLS film (dotted line).

ily than CuPc due to lower LUMO (lowest unoccupied molecular
orbital) energy value (—4.09 eV) versus (—3.16 eV). For this reason,
strong electron acceptors, such as Euy[Pc(15C5)4]2[Pc(0C19H21)s]
produce stronger responses than moderate electron acceptors, such
as CuPc. On the other hand, in comparison of MSDI 1 (Fig. 5b(1))
with neat Euy[Pc(15C5)4]2[Pc(OCq9H21)g] QLS film (Fig. 7b(2)), the
response profiles upon exposure to NH3(g) in the 15-800 ppm
range seemed to be similar, at a first glance, with exhibiting an
apparent steady-state current response. However, by comparing
the time-dependent relative differential current response of the
MSDI 1 and neat Euy[Pc(15C5)4]2[Pc(OC19H31)g] QLS film (Fig. 9),
one can see that the responses of Euy[Pc(15C5)4]2[Pc(OCi9H21)g]
QLS film (Fig. 9, dotted line) were nearly half that of MSDI 1 het-
erojunction (Fig. 9, solid line). In any case, as a matter of fact,
MSDI 1 is more reversible, reproducible and sensitive than the
Euy[Pc(15C5)4]2[Pc(OC19H31)g] single-layer and than the other
MSDI heterojuctions with CuPc cast film or CuTTBPc QLS film as
a sub-layer in present case.

2.00
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0
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Fig. 10. AFM image of MSDI 1 heterojunction. The inset is of a 100-nm thick CuPc
vacuum-deposited film on ITO/glass IDEs.

3.5. AFM observation of MSDI 1 heterojunction

The AFM image of the topology of CuPc/
Euy[Pc(15C5)4]2[Pc(OC19H21)g] heterojunction (MSDI 1) s
shown in Fig. 10. In MSDI 1, large crystal grains can be seen
clearly, which should be mainly attributed to the contribution
of top-layer, Euy[Pc(15C5)4]2[Pc(OCigH21)g] QLS films [22].
The inset of Fig. 10 shows the AFM image of the sub-layer
of MSDI 1, a 100-nm thick CuPc vacuum-deposited thin film.
This film consists of numerous small grains covering the whole
substrate. Therefore, segregated stacking between CuPc and
Euy[Pc(15C5)4]2[Pc(OC19H31 )g] molecules exists in MSDI 1 hetero-
junction. Obviously, it is difficult for the two-layer thin film to form
an interpenetrated stacking structure, in which the CuPc thin film
with numerous small grains as the matrix is filled by large grains
of Euy[Pc(15C5)4]5[Pc(OCqgH21 )g]. Effective free holes or electrons
reservoir (buffer effect) can be formed at the interface between
CuPc sub-layer and Euy[Pc(15C5)4]2[Pc(OCi9H21)g] top-layer
when NHs(g) is involved in MSDI 1 heterojunction [20,21]. Thus,
the sensing performance of MSDI 1 is highly improved.

4. Conclusions

A series of new MSDIs heterojunctions, MSDIs 1-3 were
fabricated for chemiresistive NH3; sensing based on a novel
Euy[Pc(15C5)4]2[Pc(OC19H21)g] QLS film as a top-layer, and
vacuum-deposited and cast film of CuPc or CuTTBPc as a sub-layer.
The sensing properties of the MSDIs exhibit a strong dependence
on the film structure of sub-layers. By a CuPc vacuum-deposited
film, with a high ordered and densely packed molecular architec-
ture in the film matrix, as a sub-layer, MSDI 1 exhibits excellent
sensitivity, reversibility and reproducibility to NH3 at varied con-
centrations in the range of 15-800 ppm. This provides a general
method to improve sensor response of organic heterojunctions by
controlling and tuning the film structure of sub-layer with appro-
priate fabrication techniques. The enhanced sensitivity, stability
and reproducible response of the MSDI 1 heterostructure in com-
parison with the respective single-layer films have been obtained. A
judicious combination of materials and molecular architectures has
led to enhanced sensing property, in which control at the molecular
level can be achieved.
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