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1. Introduction

Ambipolar organic thin-film transistors 
(OTFTs) allowing dual operation of both 
p and n types with solution-processability 
that ensure low-cost fabrication have 
attracted increasing research interests in 
the past decade due to their great practical 
application potential in low-cost integrated 
circuits like high gain complementary 
metal-oxide-semiconductor inverters and 
light emitting devices.[1,2] Initial attention 
in this direction has been focused on the 
single-component ambipolar organic semi-
conductors.[3] However, associated with 
the intrinsic nature of common organic 
semiconductors with conjugated electronic 
structure, it is very hard to modulate both 
their highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular 
orbital (LUMO) energy levels to simultane-
ously meet the working electrode poten-
tial so as to act as good ambipolar organic 
semiconductors with simultaneous high 
and balanced carrier mobility for both 
holes and electrons for single-component 

The two-component phthalocyaninato copper-based heterojunctions fabri-
cated from n-type CuPc(COOC8H17)8 and p-type CuPc(OC8H17)8 by a facile 
two-step solution-processing quasi-Langmuir–Shäfer method with both n/p- 
and p/n-bilayer structures are revealed to exhibit typical ambipolar air-stable 
organic thin-film transistor (OTFT) performance. The p/n-bilayer devices 
constructed by depositing CuPc(COOC8H17)8 film on CuPc(OC8H17)8 sub-layer 
show superior OTFT performance with hole and electron mobility of 0.11 and 
0.02 cm2 V−1 s−1, respectively, over the ones with n/p-bilayer heterojunction 
structure with the hole and electron mobility of 0.03 and 0.016 cm2 V−1 s−1 due 
mainly to the more intense face-to-face π–π interaction in the CuPc(OC8H17)8 
sub-layer than that in CuPc(COOC8H17)8 sub-layer, revealing the effect of 
different stacking sequence on tuning the OTFT performance of phthalocya-
nine-based bilayer heterojunctions. Furthermore, the chemiresistive devices 
fabricated from the p/n-bilayer heterojunction, with both Au and Indium tin 
oxide (ITO) interdigitated electrodes (IDEs), also display much better sensing 
properties to ethanol than those with n/p-bilayer heterojunction in terms of 
sensitivity and reversibility. Significantly, time-dependent current plot of the 
p/n-bilayer heterojunction with ITO IDEs reveals a detection limit as low as 
100 ppm, nearly complete reversibility, and high selectivity to ethanol even at 
room temperature, rendering this novel two-component heterojunction device 
a great application potential in practical detecting ethanol.
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OTFT devices.[4] This inspired the scientists in this field to try 
to fabricate the ambipolar OTFTs using two organic compo-
nents.[5] As early as in 1995, the first two-component bilayer 
thin film field transistor was prepared from p-type hexathie-
nylene and n-type C60 with the help of vacuum deposition tech-
nique, which indeed displayed the expected ambipolar device 
performance with the carrier mobility of 4 × 10−3 cm2 V–1 s–1  
for holes and 5 × 10−3 cm2 V–1 s–1 for electrons, respectively.[6] 
In 2006, vacuum-deposited bilayer-based OTFTs were fabricated 
from the p-type CuPc as the first layer and n-type F16CuPc as the 
second layer, showing the ambipolar charge transport with both 
electron and hole mobilities in the order of 10−4 cm2 V−1 s−1.[7]  
Interestingly, fabrication of the same F16CuPc/CuPc heterojunc-
tion devices by means of solution-processed Langmuir–Blodgett 
CuPc film instead of vacuum-deposited CuPc layer as the first 
layer led to an obvious improvement in the carrier mobilities to 
the order of 10−3 cm2 V–1 s–1 for both holes and electrons due 
to the improved molecular alignment in the semiconducting 
layers.[8] Very recently, a novel two-component bilayer hetero-
junction OTFT device was constructed by directly growing ambi-
polar (TFPP)Eu[Pc(OPh)8]Eu[Pc(OPh)8] film onto the vacuum 
deposited p-type CuPc film, affording the best result for ambi-
polar bilayer OTFTs with balanced and meanwhile quite good 

carrier mobilities of 0.30 and 0.16 cm2 V−1 s−1 for holes and 
electrons, respectively, which is even significantly better in 
comparison with that of the single-component OTFT device 
fabricated from (TFPP)Eu[Pc(OPh)8]Eu[Pc(OPh)8] film with 
hole mobility of 6 × 10−5 cm2 V−1 s−1 and electron mobility of 
1.4 × 10−4 cm2 V−1 s−1.[9] However, despite the effort paid thus 
far, great challenges like the development of low-cost solu-
tion-processed technique to fabricate two-component bilayer 
heterojunction OTFTs and understanding the effect of the inter-
face structure on the device performance still remain in this 
direction.[10]

In the present paper, the two-component heterojunctions 
were fabricated from n-type semiconducting CuPc(COOC8H17)8 
(1) and p-type semiconducting CuPc(OC8H17)8 (2) by a facile 
two-step solution-processing quasi-Langmuir–Shäfer (QLS) 
method with both p/n-[CuPc(OC8H17)8/CuPc(COOC8H17)8] 
and n/p-[CuPc(COOC8H17)8/CuPc(OC8H17)8] bilayer structures 
(Schemes 1 and 2), exhibiting typical ambipolar air-stable OTFT 
performance. The p/n-bilayer devices constructed by depos-
iting CuPc(COOC8H17)8 film on the CuPc(OC8H17)8 sub-layer 
showed superior OTFT performance with hole and electron 
mobility of 0.11 and 0.02 cm2 V−1 s−1, respectively, over the ones 
with n/p-bilayer heterojunction structure with the hole and elec-
tron mobility of 0.03 and 0.016 cm2 V−1 s−1 due mainly to the 
more intense face-to-face π–π interaction in the CuPc(OC8H17)8 
sub-layer than that in CuPc(COOC8H17)8 sub-layer, indicating 
the important role of the sub-layer internal structure toward 
improving the molecular ordering and domain connectivity 
in the top-layer film in the two-component heterojunction 
OTFT devices. Nevertheless, the chemiresistive devices fabri-
cated from the p/n-bilayer heterojunction, with both Au and 
Indium tin oxide (ITO) interdigitated electrodes (IDEs), also 
display much better sensing properties to ethanol than those 
with n/p-bilayer heterojunction structure in terms of sensitivity 
and reversibility, in the concentration range of 100–1400 ppm: 
Time-dependent current plot of the p/n-bilayer heterojunction 
chemiresistive devices with ITO IDEs reveals a detection limit 
as low as 100 ppm, nearly complete reversibility, and high 
selectivity to ethanol even at room temperature, rendering this 
novel two-component heterojunction device a great application 
potential in practical detecting ethanol.

At the end of this section, it is worth noting that due to 
the wide range of applications in biomedical, chemical, med-
ical, and food industries in particular in the drink-drive limit 
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Scheme 1.  Schematic molecular structures of CuPc(COOC8H17)8 (1) and 
CuPc(OC8H17)8 (2).

Scheme 2.  Preparation of the single-component monolayer film and two-component bilayer heterojunction film by the quasi-Langmuir–Shäfer (QLS) 
procedure.
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detecting,[11–13] ethanol sensors with high sensitivity and selec-
tivity as well as fast response and recovery time at a relative low 
working temperature are highly desired. Efforts paid thus far 
in this field led to the development of inorganic semiconductor 
(V2O5, SnO2, TiO2, Fe2O3, ZnO, CuO) based ethanol chemosen-
sors with rather high sensitivity, which however suffer from the 
high working temperature (200–400 °C) and cross-sensitivity to 
other gases.[14] This in turn limits their practical applications. 
It is worth noting again that corresponding sensors used as 
a breath alcohol checker need to possess high sensitivity and 
selectivity in addition to the convenient detection for a low-
level ethanol vapor in a complicated practical environment. 
Common inorganic semiconductor-based sensors developed 
thus far, however, cannot meet these requirements. As a con-
sequence, both new ethanol-sensing organic materials and 
simple fabricating methods for preparing sensor devices are 
highly desired in this field.

2. Results and Discussions

2.1. Electrochemical Properties

Differential pulse voltammograms measurement over com-
pounds 1 and 2 in CH2Cl2 disclosed two reversible one-elec-
tron redox couples with the first oxidation and first reduction 
potential at +1.14 and −0.49 V for 1 and +0.75 and −0.79 V 
(vs SCE) (SCE:Saturated Calomel Electrode) for 2, respectively 
(Figure S1 and Table S1, Supporting Information). Accordingly, 
their HOMO and LUMO energy levels were estimated to be 
about −5.58 and −3.95 eV for 1 (with a band gap of 1.63 eV) 
and −5.18 and −3.65 eV for 2 (with a band gap of 1.43 eV), 
respectively.[3b] Investigations have revealed that the HOMO 
energy of good p-type organic materials should align with the 
work function of the source–drain electrodes (Au: 5.1 eV) to 
decrease the hole injection barrier.[15] As for the n-type molec-
ular semiconductors, the LUMO energy for effective electron 
injection and stable charge transport under ambient conditions 
should locate below −4.0 eV.[16,17] To achieve good performance 
and air-stable ambipolar OTFT devices, molecular semiconduc-
tors simultaneously possessing appropriate HOMO (around 
the work function of Au electrode, 5.1 eV) and LUMO (below 
−4.0 eV) energy levels with their gap in the range of ≈1.0 eV are 
necessary. Obviously, in the present case compound 1 having 
electron-withdrawing octyloxycarbony substituents at the phth-
alocyanine periphery with the LUMO level of −3.95 eV suggests 
its potential n-type semiconductor nature. In good contrast, 

compound 2 with the HOMO energy level of −5.18 eV matches 
much better with the work function of gold (−5.1 eV) than 1 
with the HOMO energy level of −5.58 eV, indicating its poten-
tial p-type semiconducting nature. In particular, these results 
clearly reveal the great potential for the fabrication of two-
component bilayer heterojunction OTFT devices with ambi-
polar electrical characteristics using CuPc(COOC8H17)8 and 
CuPc(OC8H17)8 as n- and p-type semiconducting component, 
respectively.

2.2. OTFT Properties

To directly reveal/confirm the majority carrier type and cor-
responding mobility of these two compounds, typical top-
contact/bottom-gate configuration OTFT devices have been 
fabricated from CuPc(COOC8H17)8 (1) and CuPc(OC8H17)8 
(2) on the hexamethyldisilazane (HMDS)-treated SiO2/Si sub-
strate using the QLS technique. As shown in Figures S2 and 
S3 (Supporting Information) and Table 1 and in line with pre-
vious result,[18] devices fabricated from 1 indeed show typically 
n-channel unipolar characteristics with the electron mobility of 
0.22 cm2 V−1 s−1 (measured in the nitrogen glove box). This is 
also true for those of 2 with typically p-channel unipolar charac-
teristics and hole mobility of 0.20 cm2 V−1 s−1 in air. It is worth 
noting that due to the improved film connectivity and quality, 
the device performance of 1 in the present case was found to 
be significantly improved with the electron mobility increased 
by about three orders of magnitude in comparison with the 
devices constructed from the self-assembled aggregates of the 
same compound.[18]

As a natural result of the clear demonstration of the majority 
n- and p-carrier type for CuPc(COOC8H17)8 (1) film on the 
CuPc(OC8H17)8 (2), respectively, the two-component bilayer 
heterojunction OTFTs were then fabricated by directly growing 
the CuPc(COOC8H17)8 or CuPc(OC8H17)8 film over the sub-
layer film of CuPc(OC8H17)8 or CuPc(COOC8H17)8 film using 
a two-step solution-based QLS method (Scheme 2). As shown 
in Figure 1 and Table 1 and Figures S4 and S5 (Supporting 
Information), the bilayer heterojunction devices with both 
p/n- and n/p-structure display typical ambipolar electrical char-
acteristics, representing the first solution-processed two-small-
molecular-component bilayer heterojunction ambipolar OTFTs 
with good device performance. However, the p/n-bilayer devices 
exhibit better performance over the n/p-bilayer ones in terms 
of the carrier mobilities, 0.11 and 0.02 cm2 V−1 s−1 for holes 
and electrons versus 0.03 and 0.016 cm2 V−1 s−1, indicating the 
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Table 1.  OTFT characteristics for the single component [CuPc(COOC8H17)8, CuPc(OC8H17)8] and two-component p/n- and n/p-bilayer heterojunction 
film devices.

n-channel OTFT p-channel OTFT

μe [cm2 V−1 s−1] On/off ratio Vth [V] μh [cm2 V−1 s−1] On/off ratio Vth [V]

CuPc(COOC8H17)8 0.22(N2) 102 −5 No observation

CuPc(OC8H17)8 No observation 0.20 102 +0.5

p/n-bilayer 0.02 103 −2.5 0.11 103 +0.1

n/p-bilayer 0.016 102 −2.5 0.03 102 +2.5
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important role of the sub-layer film structure and quality in 
determining the top-layer film structure and quality and in turn 
the whole two-component bilayer heterojunction OTFT device 
performance as detailed below.

2.3. Thin Film Microstructures and Morphologies

It has been revealed that the conductive channels are at the 
interface between the top- and sub-layer of the two-component 
bilayer heterojunction.[7,9] For the purpose of clarifying the rela-
tionship between carrier mobilities and the interface structure 
of the two-component heterojunction devices, inspection over 
the molecular packing mode of either CuPc(COOC8H17)8 or 
CuPc(OC8H17)8 molecules in both the single- and two-compo-
nent bilayer QLS films and the internal film-structure in the 
latter two-component bilayer QLS films has been carried out 
on the basis of the UV–vis absorption spectroscopy, thin-film 
X-ray diffraction (XRD), and AFM (Atomic Force Microscope) 
observations. As shown in Figure 2 and Table S2 (Supporting 
Information), compounds 1 and 2 in chloroform solution 
display typical electronic absorption spectra for monomeric 
phthalocyaninato metal complexes with Soret and the main 
Q bands at 350 and 687 nm for 1, respectively, and 340 and 
680 nm for 2.[18,19] The weak band appearing at 422 nm in the 
electronic absorption spectrum of 2 is attributed to the n–π* 
transitions due to the lone pair of electron of oxygen atom.[20] 
In comparison with CuPc(OC8H17)8 (2), the absorptions of 
CuPc(COOC8H17)8 (1) in chloroform are considerably red-
shifted as a result of the introduction of electron-withdrawing 
octyloxycarbony substituents at the Pc peripheral positions. 

However, after being fabricated into the QLS films (Figure 2) 
the absorptions of 1 and 2 due to the π–π* transitions of phth-
alocyanine macrocycle appear in the visible region as a doublet 
at 650 and 735 nm for 1, respectively, and 620 and 737 nm for 2 
due to the Davydov splitting.[21] In addition, the band at higher 
energy side, 650 and 620 nm, is more intense than the lower 
energy band at 735 and 737 nm for both 1 and 2, suggesting a 
typical α-CuPc phase (a special aggregation structure in which 
the planar phthalocyanine molecules are arranged in 1D π 
stacks)[9,21–23] and indicating the quite good quality of the multi-
layer films fabricated from 1 and 2 by means of the simple QLS 
thin-film deposition technique. As shown in Scheme 3. Further-
more, the QLS film of 2 shows more marked Davydov splitting 
in the Q absorption band (≈117 nm) than that of 1 (≈90 nm) 
(Figure 2), indicating the more intense intermolecular interac-
tions either within the 1D π stack or between the neighboring π 
stacks in the QLS film of 2 than that of 1. Actually, both alkoxy-
carbonyl and alkoxy side chains grafted on the phthalocyanine 
periphery are not polar enough to anchor the macrocycle par-
allel to the water surface, the macrocycles of both 1 and 2 are 
then tilted with respect to the water surface and thus able to 
self-organize into columnar assemblies along with the vapori-
zation of organic solvent during the QLS fabrication process.[7] 
Furthermore, a more significant increase can be found for the 
ratio of the intensities of A737/A620 (0.88) of the Q absorptions 
of 2 than that for 1, A735/A650 = 0.65 in the QLS films, sug-
gesting the more effective face-to-face π–π overlapping within 
the columnar assembly in the J-type aggregates of 2 than that 
for 1.[24a,b] The orientation angle of the phthalocyanine ring 
with respect to the substrate in the QLS films of 1 and 2 was 
found to amount to 34.6° and 50.5°, respectively, according to 
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Figure 1.  Ids–Vg transfer characteristics of A) CuPc(OC8H17)8/CuPc(COOC8H17)8 bilayer (p/n-bilayer) and B) CuPc(COOC8H17)8/CuPc(OC8H17)8 bilayer 
(n/p-bilayer) heterojunction devices deposited on the HMDS-treated SiO2/Si (300 nm) substrates measured in ambient conditions. The inset shows 
the schematic representation of the bilayer architecture in OTFTs.
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the polarized UV–vis measurements (Figure S6 and Table S3,  
Supporting Information),[24c] revealing the “edge-on” conforma-
tion (J-aggregation) of the phthalocyanine 
molecules in the QLS films of both 1 and 
2.[20b] In addition, the obvious larger orien-
tation angle of the phthalocyanine ring with 
respect to the substrate for 2 suggests the 
more upright π–π stacking arrangement 
and more effective face-to-face π–π overlap-
ping within the columnar assembly in the 
QLS film of 2 than that of 1. This, in turn, 
becomes responsible for the better charge 
transport property revealed for the OTFTs 
fabricated from the QLS film of 2 than that 
of 1 as detailed above. At the end of this 
paragraph, it is worth mentioning that the 
splitting of the Q phthalocyanine band in 
the QLS film actually depends mainly on 
the interaction between the neighboring 
1D phthalocyanine columns,[25] the larger 
Davydov splitting of the Q absorption band 
in the QLS film of 2 (≈117 nm) therefore  
suggests the more intense intermolecular 

interaction among neighboring phthalocyanine columns and 
the larger intercolumn distance in the QLS film of 2 than that 
of 1 (≈90 nm), which is further verified in an unambiguous 
manner by the thin-film XRD measurement result (vide infra).

As can be easily expected, both the two-component p/n- and 
n/p-bilayer heterojunction QLS films show just similar absorp-
tion feature in their UV–vis spectra to their single-component 
QLS films (Figure 2), indicating the similar “edge-on” con-
formation (J-aggregation) of the phthalocyanine molecules 
in these bilayer heterojunctions and single-component QLS 
films. Interestingly, slightly different Davydov splitting of the 
phthalocyanine Q band has been clearly disclosed between 
the p/n-type bilayer heterojunction film, 648 and 738 nm  
and the n/p-bilayer heterojunction film, 652 and 735 nm  
(Figure 2), due to the intrinsic different packing behavior 
between 1 and 2 in combination with the extrinsic different 
packing behavior of individual top-layer phthalocyanine mol-
ecules resulting from the surface structure/morphology of the 
sub-layer film in the bilayer heterojunction thin films.[9,26,27] 
This in turn results in the different device performance between 
the p/n- and the n/p-bilayer heterojunction OTFTs (vide supra).

The internal structure of the single-component and bilayer 
heterojunction thin films is further assessed using the out-of-
plane (OOP) XRD technique. As shown in Figure 3A,B, in the 
low-angle range the OOP XRD patterns of CuPc(COOC8H17)8 
(1) and CuPc(OC8H17)8 (2) QLS films exhibit only one sharp 
diffraction peak at 1.96 nm (2θ = 4.50°) and 2.51 nm (2θ = 
3.52°), respectively, which corresponds to the monolayer thick-
ness of the resulting QLS film (or the interstacking distance of 
the α-phase lattice planes), suggesting a regular lamella struc-
ture of either 1 or 2 formed in the QLS film.[28,29] As a conse-
quence, the orientation angle of the phthalocyanine ring with 
respect to the substrate of 33° and 50° has been deduced for 1 
and 2 with the help of the simulated molecular dimension of 
CuPc(COOC8H17)8 (3.6 nm) and CuPc(OC8H17)8 (3.3 nm).[30a] 
The result is in good accordance with that deduced on the basis 
of polarized UV–vis spectroscopic measurement as detailed 
above, confirming that the macrocycle molecules of 1 and 2 are 
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Figure 2.  UV–vis absorption spectra of A) CuPc(COOC8H17)8 (1) in CHCl3 
solution (dotted line), CuPc(COOC8H17)8 QLS film (dashed line), and the 
CuPc(OC8H17)8/CuPc(COOC8H17)8 bilayer (p/n-bilayer) heterojunction 
thin film (solid line) and B) CuPc(OC8H17)8 (2) in CHCl3 solution (dotted 
line), CuPc(OC8H17)8 QLS film (dashed line), and the CuPc(COOC8H17)8/
CuPc(OC8H17)8 bilayer (n/p-bilayer) heterojunction thin film (solid line).

Scheme 3.  Schematic molecular arrangement of A) 1 and B) 2 in the QLS films.
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oriented as a slipped co-facial stack with an “edge-on” configu-
ration (J-aggregates) on the substrate surface.

Figure 3C shows the OOP XRD pattern of CuPc(OC8H17)8/
CuPc(COOC8H17)8 bilayer (p/n-bilayer) heterojunction. Two 
peaks corresponding to the (001) lattice plane of the top-layer 
and sub-layer, respectively, were observed at 2.01 nm (2θ = 
4.44°) and 2.51 nm (2θ = 3.52°), indicating the existence of 
an ordered layer structure parallel to the substrate[7,9,26,27] 
in both the sub-layer and top-layer of this p/n-bilayer het-
erojunction film. The (001) Bragg diffraction peak due to the 

CuPc(OC8H17)8 sub-layer in the two-component p/n-bilayer 
heterojunction film was observed in just the same position as 
for its single-component film, confirming the same molecular 
packing model employed by the CuPc(OC8H17)8 molecules 
in the sub-layer of p/n-bilayer heterojunction with that in the 
single-component film. However, the (001) diffraction peak due 
to the CuPc(COOC8H17)8 top-layer of p/n-bilayer heterojunc-
tion appearing at 2.01 nm indicates a larger CuPc(COOC8H17)8 
monolayer thickness (or periodic spacing distance) than that 
of its single-component QLS film (1.96 nm). This results in 
a higher orientation angle (≈34°) of CuPc(COOC8H17)8 mole
cular plane to the film surface, suggesting the more intense 
intermolecular interaction between neighboring π columnar 
stacks in the bilayer heterojunction, which in turn provides 
the π electrons (as well as holes) with a more extensive area 
for delocalization in the bilayer film than in the single-compo-
nent QLS film[31a] and becomes responsible for the better ambi-
polar device performance for the p/n-bilayer OTFTs. Similar to 
the p/n-bilayer heterojunction thin film, two diffraction peaks 
due to the CuPc(OC8H17)8 top-layer and CuPc(COOC8H17)8 
sub-layer were observed at 2.49 nm (2θ = 3.54°) and 
1.96 nm (2θ = 4.50°), respectively, in the OOP XRD pattern of 
CuPc(COOC8H17)8/CuPc(OC8H17)8 bilayer (n/p-bilayer) hetero-
junction thin film (Figure 3D). Again not surprisingly at all, the 
same fabrication process ensures the same molecular packing 
model for the CuPc(COOC8H17)8 sub-layer in the bilayer  
heterojunction film as in its single-component film. However, 
in contrast to the p/n-bilayer heterojunction film, the mon-
olayer thickness of the CuPc(OC8H17)8 top layer gets decreased 
in the n/p-bilayer heterojunction film (2.49 nm) relative to that 
in its single-component film (2.51 nm; Figure 3B,D), revealing 
a more slipped arrangement of the CuPc(OC8H17)8 molecules 
with a smaller orientation angle (≈49°) in the top-layer of the 
n/p-bilayer heterojunction film than that in the CuPc(OC8H17)8 
single-layer film. This in turn leads to a negative impact on the 
carrier mobilities of the corresponding ambipolar n/p-bilayer 
heterojunction OTFT devices. It is worth noting that the rela-
tive intensity of the Bragg peak for either CuPc(COOC8H17)8 
(1) or CuPc(OC8H17)8 (2) in CuPc(OC8H17)8/CuPc(COOC8H17)8 
(p/n-bilayer) heterojunction gets slightly decreased in compar-
ison with that of the single-component QLS film (Figure 3A–C) 
in line with that found for the vacuum-deposited CuPc/
F16CuPc heterojunction,[7] implying the smaller nanocrystallite 
size of either 1 or 2 in the p/n-bilayer than in the corresponding 
single-component film.[31b,c] In good contrast, the relative inten-
sity of the Bragg peak for either 1 or 2 in CuPc(COOC8H17)8/
CuPc(OC8H17)8 (n/p-bilayer) heterojunction gets increased 
in comparison with that of the single-component QLS film 
(Figure 3A,B,D), suggesting the larger nanocrystallite size of 
either 1 or 2 in the n/p-bilayer relative to the single-component 
film. Additional support of this point comes from the AFM 
measurement result as detailed below. Anyway, the smaller 
grain size for the p/n-bilayer than n/p-bilayer heterojunction 
provides a larger and more effective adsorption surface area to 
the analytes.[30b–d] This in turn would enhance the gas-sensing 
performance for the p/n-bilayer devices.

Figure 4 compares the surface morphologies between the 
single-component, either CuPc(COOC8H17)8 or CuPc(OC8H17)8, 
and two-component bilayer heterojunction films. As can be 
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Figure 3.  X-ray patterns for the A) CuPc(COOC8H17)8 QLS film, 
B) CuPc(OC8H17)8 QLS film, C) CuPc(OC8H17)8/CuPc(COOC8H17)8 
bilayer (p/n-bilayer) heterojunction thin film, and D) CuPc(COOC8H17)8/
CuPc(OC8H17)8 bilayer (n/p-bilayer) heterojunction thin film deposited on 
the SiO2/Si substrates.



fu
ll p

a
p
er

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (7 of 11)  1600253wileyonlinelibrary.com

seen in Figure 4A, the image for the CuPc(COOC8H17)8 (1) 
QLS film formed on the SiO2/Si surface consists of small 
domains of ≈55 ± 15 nm in size (Figure S7, Supporting Infor-
mation), giving a root-mean-square (Rrms) roughness value of 
0.36 nm and revealing a typical smooth surface. In contrast, 
due to the enhanced intermolecular interaction of 2, a relatively 
high Rrms value, 0.74 nm, was observed for the grain crystallites 
with the size of ≈65 ± 10 nm on the surface of CuPc(OC8H17)8 
(2) QLS film (Figure 4B and Figure S7, Supporting Informa-
tion). Interestingly, the surface morphology of the p/n-bilayer 
heterojunction film by depositing CuPc(COOC8H17)8 (1) over 
the CuPc(OC8H17)8 (2) sub-layer is more similar to that of 
CuPc(OC8H17)8 QLS film (Figure 4C and Figure S7, Supporting 
Information) rather than that of CuPc(COOC8H17)8 QLS film 
(Figure 4A) in terms of both the increased grain-like domain 
size (about 45 ± 15 nm) and Rrms value (0.49 nm). This is also 
true for the CuPc(COOC8H17)8/CuPc(OC8H17)8 bilayer (n/p-
bilayer) heterojunction film (Figure 4D and Figure S7, Sup-
porting Information), with the domain diameter of about 85 ± 
25 nm and Rrms value of 0.35 nm. These results clearly confirm 
the important templating role of the sub-layer film in modu-
lating the aggregation behavior (or molecular packing) for the 
top-layer molecules in the two-component bilayer heterojunc-
tions via solution processed procedure. Obviously, the better 
molecular ordering within the thin films of both the top- and 

sub-layer of the p/n-bilayer heterojunction 
film than that of the n/p-bilayer heterojunc-
tion will reduce the trap states in the conduc-
tive channels and thus surely improve the 
charge transport, resulting in the superior 
device performance for the p/n-bilayer heter-
ojunction OTFT devices over the n/p-bilayer 
ones.

2.4. Current–Voltage Characteristics

For the purpose of detecting the elec-
trical contact nature between the organic 
thin film and electrodes, current–voltage 
(I–V) curves have been measured for all 
the devices. As shown in Figure 5, all the 
devices exhibit similar Ohmic behavior 
at low bias voltages, confirming the good 
electrical contact between the organic thin 
film and electrodes. However, the response 
gets increased in the order from n-type 
CuPc(COOC8H17)8, CuPc(COOC8H17)8/
CuPc(OC8H17)8 bilayer (n/p-bilayer), 
CuPc(OC8H17)8/CuPc(COOC8H17)8 bilayer 
(p/n-bilayer), to p-type CuPc(OC8H17)8 
QLS film. In detail, the current devel-
oped by both the CuPc(COOC8H17)8/
CuPc(OC8H17)8 bilayer (n/p-bilayer) (in the 
range of 1.4 × 10−8 A) and CuPc(OC8H17)8/
CuPc(COOC8H17)8 bilayer (p/n-bilayer) 
film (in the range of 2.2 × 10−8 A)  
is higher than that by CuPc(COOC8H17)8 
single layer (in the range of 5.9 × 10−9 A) 

but lower than that by CuPc(OC8H17)8 single layer film (in 
the range of 7.2 × 10−8 A), indicating the government of the 
charge transfer in the two-component bilayer heterostruc-
tures by both the charge injection into the sub-layer and the 
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Figure 4.  AFM images (height scale 20 nm) of A) CuPc(COOC8H17)8 QLS film, 
B) CuPc(COOC8H17)8 QLS film, C) CuPc(OC8H17)8/CuPc(COOC8H17)8 bilayer (p/n-bilayer) 
heterojunction thin film, and D) CuPc(COOC8H17)8/CuPc(OC8H17)8 bilayer (n/p-bilayer) bilayer 
heterojunction thin film grown on the HMDS-treated SiO2/Si substrate.

Figure 5.  Representative I–V characteristics for the QLS films of n-
type CuPc(COOC8H17)8, p-type CuPc(OC8H17)8, CuPc(OC8H17)8/
CuPc(COOC8H17)8 bilayer (p/n-bilayer), and CuPc(COOC8H17)8/
CuPc(OC8H17)8 bilayer (n/p-bilayer) films.
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current flowing across the organic heteroin-
terface (the present result seems to provide 
an effective method to tune the conductivity 
of the two-component bilayer device through 
changing the composition of the sub-layer). 
In addition, the conductivity for the single-
component QLS film of 2 obtained,[21,22] 
≈10–5 S cm–1, is about 100 times bigger than 
that of 1, ≈10–7 S cm–1, indicating the signifi-
cant dependence of the single-component 
QLS film semiconductivity on the electron 
withdrawing/donating nature of the phth-
alocyanine peripheral substituents since 
incorporation of electron-withdrawing sub-
stituents onto the phthalocyanine periphery 
leads to a decrease in the electron density of 
the conjugated macrocycle and an increase 
in the oxidation potential of the system. This 
result is in line with previous findings con-
cerning the electrical behavior of MPc and 
MPcF16 (M = Cu, Zn) films.[26,27,32]

2.5. Gas-Sensing Performance

To assess the gas sensing properties to eth-
anol of these two-component bilayer hetero-
junctions, responses of both CuPc(OC8H17)8/
CuPc(COOC8H17)8 bilayer (p/n-bilayer) and 
CuPc(COOC8H17)8/CuPc(OC8H17)8 bilayer 
(n/p-bilayer) QLS films with Au electrodes 
to a series of ethanol concentration were 
carried out at room temperature in com-
parison with those of CuPc(COOC8H17)8 or 
CuPc(OC8H17)8 single-component QLS film. As can be seen 
from the time-dependent current plots shown in Figure 6 and 
Table 2, both CuPc(COOC8H17)8 (1) and CuPc(OC8H17)8 (2) 
single-component sensor devices have no response to ethanol 
vapor under the test voltage 5 and gate voltage 0 V, respectively. 
In good contrast, both two-component bilayer heterojunction 
devices show a positive response to ethanol vapor together with 
good recovery characteristic at room temperature, with a duty 
cycle where the dynamic exposure period is fixed at 4 min and 
static recovery period at 1 min (Figure 6A). However, the het-
erojunction devices with p/n-structure display much superior 
sensing property to ethanol vapor over the n/p-bilayer devices in 
terms of sensitivity. In addition, as clearly shown in Figure 6A, 
upon exposure to the vapor of ethanol (with weak electron-
donating nature), the conductivity of both bilayer devices gets 
obviously increased due to an increase in the density of electron 
charge carriers in the semiconducting layer of either p/n- or 
n/p-bilayer heterojunctions.

To quantify the sensor response, we define the relative 
response intensity S = (ΔI/I0) × 100%, where I0 is the base-
line current value and ΔI = Ig −I0; Ig is the current value when 
the ethanol gas is switched on.[33] As exhibited in Figure 6B, a 
linear relationship exists between the relative response inten-
sity S and ethanol concentrations for the n/p- and p/n-bilayer 
heterojunctions in the range of 200–700 and 400–800 ppm with 

the slope (in %ppm−1 defined as the gas sensor sensitivity) of 
the linear fit of 0.28 and 0.051, respectively. Obviously, the p/n-
bilayer heterojunction device with a CuPc(OC8H17)8 sub-layer 
and a CuPc(COOC8H17)8 top-layer shows superior sensing 
property to ethanol vapor to the n/p-bilayer counterpart with 
a CuPc(COOC8H17)8 sub-layer and a CuPc(OC8H17)8 top-layer 
in terms of both the sensitivity, 0.28 versus 0.051, and detec-
tion limit, 200 versus 400 ppm, due to the synergistic effect 
of relatively intensified charge-transfer interaction between 
the weak reducing ethanol molecule (as electron-donor) and 
more electron-deficient Cu(II) ion in CuPc(COOC8H17)8 on 
the top-layer of p/n-bilayer than that in CuPc(OC8H17)8 on the 
top-layer of n/p-bilayer device in combination with the more 
conductive CuPc(OC8H17)8 sub-layer in the former p/n-bilayer 
heterojunctions.[34] In addition, these results clearly indicate 
the effect of the bilayer structure of heterojunctions on the gas 
sensing behavior. At the end of this section, it is noteworthy 
that it is easy to understand the increase in the conductivity of 
the p/n-bilayer devices upon exposure to the vapor of ethanol 
as detailed above. This, however, is not the case for the n/p-
bilayer devices. Actually, despite the failure in directly detecting 
the n-type conductivity property for the CuPc(OC8H17)8 (2) 
single-component film in the present case, electron transport 
for this compound is still possible due to the location of its 
LUMO energy level at 3.65 eV, quite close to that for the n-type 
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Figure 6.  The time-dependent current plots (above column) and sensor response as a func-
tion of the ethanol concentration (below column) for the CuPc(OC8H17)8/CuPc(COOC8H17)8 
bilayer (p/n-bilayer) (a) and CuPc(COOC8H17)8/CuPc(OC8H17)8 bilayer (n/p-bilayer) (b) QLS 
films deposited A,B) onto the SiO2/Si substrates with Au electrodes and C,D) onto the glass 
substrates with ITO interdigitated electrodes, respectively.
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semiconductor.[3c,35] As a result, along with the interaction of 
the top-layer CuPc(OC8H17)8 molecules with the vaporizing 
ethanol molecules with weak electron-donating nature, the con-
centration of electron injected near the surface of the bilayer 
interface gets increased. This in turn results in the positive 
response for the n/p-bilayer heterojunction to the ethanol vapor, 
too, similar to its p/n-bilayer counterparts.

It is well known that change in the working electrodes has sig-
nificant effect on the nature and performance of certain organic 
semiconductor-based OFET devices.[36] This should be also true 
for the organic semiconductor-based chemiresistor, which, 
however, has never been demonstrated previously. As a conse-
quence, ITO electrodes with the work function of 4.5 eV[11–13]  
instead of the Au electrodes with the work function of 5.1 eV 
were employed to fabricate the bilayer heterojunction gas 
sensing devices. As shown in Figure 6C, with the employ-
ment of the ITO work electrodes, both the CuPc(OC8H17)8/
CuPc(COOC8H17)8 p/n- and n/p-bilayer heterojunction devices 
show improved ethanol sensing properties over that of the Au 
IDEs in terms of the increased wide concentration range of 
100/400–1400 ppm with almost zero baseline drift with the 
decreased dynamic exposure period of 2 min and static recovery 
period of 1 min. Nevertheless, in addition to the increased 
ethanol gas sensor sensitivity from 0.28 to 0.49%ppm−1 in 
the original concentration range of 100–700 or 200–700 ppm, 
the p/n-bilayer heterojunction devices with ITO-IDEs exhibit 
good gas sensor sensitivity to ethanol vapor in the increased 
concentration range of 700–1400 ppm (0.29%ppm−1). How-
ever, unlike the obvious increased concentration range to the 
ethanol vapor, the sensor sensitivity to ethanol vapor for the 
CuPc(COOC8H17)8/CuPc(OC8H17)8 n/p-bilayer sensors with 
ITO electrodes only gets slightly increased to 0.057%ppm−1 
(Figures 6C,D). As a total result, the present result concerning 
the p/n-bilayer heterojunction sensor devices provides a good 
application potential for practical ethanol detecting due to the 
detection limit of the breath analyzer of 200 ppm.[14a] In addi-
tion, it is worth noting that the present result actually repre-
sents the first two-component bilayer organic heterojunction 
ethanol sensor with excellent sensing performance reported 
thus far.[37]

For the purpose of practical application, the selectivity of 
corresponding sensor to corresponding gas is of key impor-
tance. It has been revealed that the mouth and body odors and 
human breath for a drunken person also contain a number 
of organic species including volatile amines, acetone, toluene, 
and cyclohexane in addition to alcohol as the main organic 
content.[38] As a consequence, chemical selectivity of the eth-
anol sensors over acetone, cyclohexane, toluene, ammonia, 
and triethylamine has to be evaluated. The sensing proper-
ties of the p/n-bilayer heterojunction devices over acetone, 

cyclohexane, toluene, ammonia, and triethylamine were sys-
tematically investigated. As shown in Figure S8 (Supporting 
Information), except ethanol vapor, only at the high working 
temperature (120–200 °C) and a very high concentration 
for cyclohexane (6.6 × 104 ppm), toluene (7.3 × 104 ppm), 
ammonia (4.1 × 103 ppm), and triethylamine (5.4 × 104 ppm), 
these organic compounds can be detected. Actually at any 
high concentration, the p/n-bilayer heterojunction devices 
show no response for the acetone species. The fact that only 
poor response of the p/n-bilayer heterojunction sensors to 
the very high concentration (≈103–104 ppm) of analytes (ace-
tone, cyclohexane, toluene, ammonia, and triethylamine at 
an elevated temperature (120–200 °C) confirms the excellent 
selectivity of the sensors. Obviously, the weak sensor–analyte 
interaction, which in turn determines the amount of analyte 
adsorbed on the surface of the p/n-bilayer heterojunction 
sensor, should be mainly responsible for the resulting poor 
sensing behaviors.[39] More interestingly, the conductivity of 
the p/n-bilayer heterojunction gets slightly increased upon 
exposure to the nonpolar cyclohexane and weak-polar tol-
uene vapor but slightly decreased in the presence of the elec-
tron-donating triethylamine and ammonia vapors (Figure S8,  
Supporting Information). Considering the n-type nature of the 
top CuPc(COOC8H17)8 layer of this p/n-bilayer heterojunction, 
such an obvious p-type response to the donor species in the 
heterojunction devices is indeed strange at the first glance, 
which however could be rationalized on the basis of the ambi-
polar semiconducting characteristics of the p/n-bilayer hetero-
junction. Nevertheless, this result seems to suggest that the 
semiconducting nature (n-type vs p-type) of the ambipolar 
organic sensing materials is able to change depending on the 
electron-donating abilities of the analyte molecules adsorbed 
on the surface of the p/n-bilayer heterojunction sensors. How-
ever, weak electron-donating ability of acetone in combination 
with the lack of enough intermolecular interactions between 
acetone and semiconducting layer should be responsible for 
the totally no sensitivity of the p/n-bilayer heterojunction sen-
sors to acetone.

3. Conclusion

Briefly summarizing above, novel two-component bilayer het-
erojunctions with both p/n- and n/p-structures have been suc-
cessfully fabricated from p-type CuPc(OC8H17)8 and n-type 
CuPc(COOC8H17)8 by a simple two-step solution-processed 
QLS method. Due to the important templating role of the sub-
layer film for the top-layer, the two-component heterojunction 
OTFTs with CuPc(OC8H17)8 as sub-layer with a more ordered 
and densely packed molecular architecture in the QLS film 
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Table 2.  Characteristics of the ethanol sensing behavior from two-component QLS films with Au and ITO IDEs, respectively, at room temperature.

Au electrodes ITO electrodes

Compound Detection Limit 
[ppm]

Sensitivity 
[%ppm−1]

R2 [%] Exposure/recovery 
period [min/min]

Detection limit 
[ppm]

Sensitivity 
[%ppm−1]

R2 [%] Exposure/recovery 
period [min/min]

p/n-bilayer 200 0.28 99 4/1 100 0.49/0.29 96/99 2/1

n/p-bilayer 400 0.051 97 4/1 400 0.057 94 2/1
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exhibited superior air-stable ambipolar device performance 
over the ones with CuPc(COOC8H17)8 as sub-layer, with the 
hole and electron mobility of 0.11 and 0.02 cm2 V−1 s−1. In 
particular, excellent sensing property with good selectivity and 
reversibility, low detection limit, and high sensitivity for ethanol 
vapor in the range of 100–1400 ppm at room temperature was 
revealed for the p/n-bilayer heterojunction devices with ITO 
IEDs, showing the great application potential for the practical 
ethanol detection.

4. Experimental Section
Materials and Chemicals: Both 2,3,9,10,16,17,24,25-octakis(octylo

xycarbony) phthalocyaninato copper compound CuPc(COOC8H17)8 
(1) and 2,3,9,10,16,17,24,25-octakis(octyloxy)phthalocyaninato copper  
compound CuPc(OC8H17)8 (2) were synthesized following the 
published procedure[18,19] and characterized by the matrix-assisted 
laser desorption/ionization time-of-flight mass, IR, and electronic 
absorption spectra in addition to elemental analysis (Figures S9 and 
S10, Supporting Information). All other reagents and solvents were of 
reagent grade and used as received.

Fabrication of the Bilayer Heterojunctions: Two-component bilayer 
heterojunction films were built by a two-step QLS procedure (Scheme 2). 
(i) The preparation of the sub-layer (or single-layer): the chloroform 
solution of the sample (1 or 2, ≈1 × 10−6 mol L−1) was put into a 
cylindrical glass container, then water was slowly added onto the surface 
of the chloroform solution in the container (caution: the amount of 
water added should not completely cover the surface of the chloroform 
solution so as to keep the path for the evaporation of the CHCl3 solvent). 
During the solvent evaporation, the 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, and then the film was transferred onto the quartz, 
ITO/glass, or SiO2/Si substrate by horizontal lifting.[26] This process 
was repeated to obtain the required number of layers. Residual water 
on the substrate, between transfer steps and after the final transfer, was 
removed with a stream of N2. (ii) The preparation of the two-component 
bilayer heterojunction: the densely packed film of another sample (2 or 1) 
formed on the water surface was transferred via repeating the deposition 
(QLS film) onto the newly prepared film of the sample (1 or 2) in step 
(i), resulting in the two-component bilayer heterojunction films with 
either p/n- or n/p-structure. In the present case, the semiconducting 
active-layers were deposited at a constant number of 20-layer QLS film 
in both the single-component films and two-component bilayer films 
(10-layer for each of 1 and 2) at room temperature.

Fabrication and Measurements of OTFT and Sensor Devices: OTFT 
devices were fabricated on an HMDS-treated SiO2/Si (300 nm thickness, 
capacitance C0 = 10 nF cm−2) substrate by evaporating gold electrodes 
onto the single-component and two-component QLS films employing 
a shadow mask. These electrodes have a width (W) of 28.6 mm and a 
channel length (L) of 0.24 mm. The ratio of the width to length (W/L) of 
the channel was then 119. The drain–source current (Ids) versus drain–
source voltage (Vds) characteristic was obtained with a Hewlett-Packard 
(HP) 4140B parameter analyzer at room temperature. Experimental 
data were analyzed using standard field-effect transistor equations: Ids = 
(W/2L)μC0(Vg – VT)2, where Ids is the source–drain current, Vg is the gate 
voltage, C0 is the capacitance per unit area of the dielectric layer, VT is 
the threshold voltage, and μ is the mobility on the saturation region.[18] 
The mobility (μ) and threshold voltage (VT) can then be calculated from 
the slope and intercept of the linear part of the Vg versus (Ids)1/2 plot.

In addition to the OTFT devices that were used directly as ethanol 
sensors, another kind of sensor devices were built by depositing two-
component QLS films onto the ITO/glass IDEs. The ITO/glass IDEs are 
composed of ten pairs of digits deposited on glass substrate with the 
following dimensions: 0.125 mm electrode width, 0.075 mm spacing, 

6 mm overlapping length, and 20 nm electrode thickness. Prior to the 
deposition, substrates were successively sonicated in methylbenzene, 
acetone, ethanol, and distilled water, respectively, which were finally dried 
with N2 gas for about 30 s (average three times). The ethanol-sensing 
properties of the devices were examined by exposing the corresponding 
films to different concentrations of ethanol and measuring the current 
changes of the films at a constantly polarized voltage of 5 V.

Characterization: Electrochemical measurement was carried out with 
a CHI760D voltammetric analyzer. The cell comprised inlets for a glassy 
carbon disk working electrode of 3.0 mm in diameter and a silver wire 
counter electrode. The reference electrode was Ag/Ag+ (0.01 mol dm−3), 
which was connected to the solution by a Luggin capillary, whose tip 
was placed close to the working electrode. It was corrected for junction 
potentials by being referenced internally to the ferrocenium/ferrocene 
(Fe+/Fe) couple [E1/2 (Fe+/Fe) = 0.50 V vs SCE]. Typically, a 0.1 mol dm−3  
solution of [Bu4N][ClO4] in CH2Cl2 containing 0.5 mmol dm−3 of 
sample was purged with nitrogen for 5 min, then the voltammogram 
was recorded at ambient temperature. Electronic absorption spectra 
were recorded on a Hitachi U-4100 spectrophotometer (scan speed: 
600 nm min−1, sampling interval: 1.00 nm, slit width: 4.00 nm, 
wavelength resolution: 0.15 nm, beam size: 0.2 nm, response time: 1 s). 
X-ray diffraction experiment was carried out on a Bruker D8 ADVANCE 
X-ray diffractometer using Cu Kα radiation (λ = 1.5406 Å) with scattering 
angles (2θ) of 1.6°–30°. The accelerating voltage and the applied current 
were 40 KV and 40 mA, respectively. Data were recorded at a scan rate 
of 0.02° 2θ s−1 (beam size: 1 × 10 mm; detector type: lynxeye detector). 
AFM images were collected under ambient conditions using the tapping 
mode with a NanoscopeIII/Bioscope scanning probe microscope from 
Digital instruments. Tapping mode AFM images were obtained under 
the scale height of 200 nm and scale phase of 100 nm as well as set 
point amplitude of 1.00 Hz.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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