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ABSTRACT: Organic thin film transistor (OTFT) devices fabricated by
the solution-based QLS technique from a mixed (phthalocyaninato)-
(porphyrinato) europium complex (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g]
exhibit air-stable ambipolar performance with mobilities of 6.0 X 107 cm?
V~!'s71 for holes and 1.4 X 10™* cm® V™' s7" for electrons, respectively. In
good contrast, the two-component bilayer heterojunction thin film
devices constructed by directly growing (TFPP)Eu[Pc(OPh)g]Eu[Pc-
(OPh)g] on vacuum deposited (VCD) CuPc film using solution based
QLS method were revealed to show unprecedented ambipolar perform-
ance with carrier mobilities of 0.16 cm* V™' s™" for holes and 0.30 cm?
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V™! s7! for electrons. In addition to the intrinsic role of p-type organic

semiconductor, the VCD CuPc film on the substrate also acts as a good template that induces significant improvement over the
molecular ordering of triple-decker compound in the film. In particular, it results in the change in the aggregation mode of
(TFPP)Eu[Pc(OPh)s]Eu[Pc(OPh)s] from J-type in the single-layer film to H-type in the bilayer film according to the UV—vis,

XRD, and AFM observations.
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B INTRODUCTION

Great progress has been made in organic thin film transistors
(OTFTs) since the first reports on p-type OTFTs based on in
1980s.' > For the purpose of constructing organic integrated
electronic circuits with a wide range of potential industrial
applications,*™® the thin film transistors exhibiting ambipolar
behavior that are able to simultaneously provide both n- and p-
channel performance in single device also become highly
desired in addition to the unipolar (either holes or electrons)
behaved OTFTs.”~*° Since the fabrication of the first OTFT
with both p and n channels from the bis(phthalocyaninato)
lutetium double-decker compound in 1990 (despite the lack of
term “ambipolar” by the authors at that time),"" different
methods have been developed thus far for fabricating ambipolar
OTFTs, which can be classified in terms of the composition of
semiconducting layer, including the single-component thin film,
two-component bilayer thin film, and two-component blending
thin film-based ambipolar OTFTs.”~ " Significant progress has
been achieved over the ambipolar OTFTs that are based on
single-component with suitable HOMO and LUMO energy
levels which ensure the simultaneous stable electron and hole
transport as well as the efficient injection of both charge carriers
from the same metal electrode in particular in recent
years.7’8’12’13 This, however, seems not true for either the
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two-component bilayer or the blending two-component
ambipolar OTFT's because of the much more difficulty toward
understanding their working mechanism associated with the
involvement of more than one component despite the great
efforts paid in this direction.”'**™*' In 1995, in order to
achieve the ambipolar device performance, Dodabalapur and
co-workers tried to combine the p-type a-hexathienylene and
n-type C4y semiconductors together by means of the bilayer
technique, affording the first two-component active layers
OTEFTs with relative balanced carrier mobilities of 4 X 107> cm?
V™! s7! for holes and 5 X 107 cm?® V™' s7! for electrons,
respectively, under vacuum.'* This certainly aroused significant
research interests, initiating a relatively wide range of
investigations over the two-component bilayer thin film
transistors with different combination of p-type and n-type
organic semiconductors including polymers and in particular
small molecules like pentacene/Cg, > CuPc/F 1CuPc,*® BP,T/
F,¢CuPc,"” pentacenue/PTCDI-C13H27,18 and DH4T/PTCDI-
Cy3H,." To the best of our knowledge, the best result was
achieved for the pentacene/Cq, p—n heterostructure bilayer
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OTFTs with the electron and hole mobilities reaching the
order of 0.1 ecm®* V™' s™'.'* Interestingly, the p—p isotype
bilayer heterojunction OTFTs consisting of both the wide band
gap p-type unipolar 2,2;7,2"-terphenanthrenyl (Ph3) and the
narrow band gap p-type unipolar vanadyl-phthalocyanine
(VOPc) were revealed to present the best ambipolar OTFTs
performance with the air-stable balanced carrier mobilities up
to 045 and 028 cm® V' s7! for holes and electrons,
respectively, despite the still not clear completely reason at this
stage.” As part of our continuous effort toward the fabrication
of high-performance phthalocyanine-based organic field effect
transistors in particular the amipolar OTFTs,"***7>* in the
present case, we describe the fabrication of novel two-
component bilayer thin film transistors based on the intrinsic
ambipolar organic semiconductor of sandwich mixed
(phthalocyaninato) (porphyrinato) europium triple-decker
(TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh);] [TFPP dianion of
5,10,15,20-tetrakis(p-fluorophenyl)porphyrin; Pc(OPh), = dia-
nion of 2,3,9,10,16,17,23,24-octa(phenoxy)phthalocyanine],
Scheme 1, in combination with the p-type unipolar organic
semiconductor of CuPc with good and balanced ambipolar
transporting properties in air.

Scheme 1. Schematic Molecular Structure of the Sandwich
Mixed (Phthalocyaninato)(Porphyrinato) Europium
(TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g] (1)

B EXPERIMENTAL SECTION

General. The mixed (phthalocyaninato)(porphyrinato) europium
complex (TFPP)Eu[Pc(OPh)s]Eu[Pc(OPh)s] (1) was prepared
following the published procedures.”* >* Phthalocyaninato copper
(CuPc) was purchased from Aldrich and used as received. Electro-
chemical 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™), 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 (Fc*/Fc)
couple [E, ,(Fc*/Fc) = 0.50 V vs SCE]. Typically, a 0.1 mol dm™®
solution of [Bu,N][ClO,] in CH,Cl, containing 0.5 mmol dm™ of
sample was purged with nitrogen for 5 min, then the voltammogram
was recorded at ambient temperature. Electronic absorption spectra
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were recorded on a Hitachi U-4100 spectrophotometer. X-ray
diffraction experiment was carried out on a Bruker D8 FOCUS X-
ray diffractometer. AFM images were collected under ambient
conditions using the tapping mode with a Nanoscopelll/Bioscope
scanning probe microscope from Digital instruments.

Fabrication of the Thin Films. Thin films deposition was
conducted as following: (i) CuPc VCD film: CuPc film was deposited
on substrates (quartz and SiO,/Si) by means of classical thermal
evaporation (using a ZZS 660 system) from a tantalum boat at ca. 1 X
107 mbar and a 2 A s7! rate. The deposition rate and film thickness
were monitored by quartz crystal microbalance. This layer is typically
30 to SO nm thick. (ii) Quasi-Langmuir—Shifer (QLS) film: 5.0 mL of
chloroform solution of (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g] (1) (~1
X 107% mol L) was put into a cylindrical glass container (diameter,
9.5 cm; height, 1.5 cm; volume, 106.3 cm?), then 65 mL of water was
slowly added onto the container (caution: the amount of water added
cannot completely cover the surface of the chloroform solution so as to
maintain a path for the evaporation of the solvent, CHCL;). During the
solvent evaporation, the triple-decker molecules gradually assembled
to form some fine nanostructures at the CHCl;/water interface and in
turn the densely packed film on the water surface until complete
evaporation of CHCI; The film can be easily transferred from the
water surface onto a quartz or SiO,/Si substrate by horizontal lifting,
ie, the slide was horizontally and carefully lowered onto the film
surface and then raised.”” 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
N,. (iii) (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g]/CuPc heterojunction
film: Some fine nanostructures of (TFPP)Eu[Pc(OPh)g]Eu[Pc-
(OPh)g] formed at the CHCl,/water interface were transferred via
repeating the deposition (QLS film) onto the CuPc VCD film,
resulting in a (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g]/CuPc bilayer
heterojunction. In the present case, the 20-layer (TFPP)Eu[Pc-
(OPh)g]Eu[Pc(OPh)s] QLS film is obtained as either the single-
component film or the second-layer in (TFPP)Eu[Pc(OPh)g]Eu[Pc-
(OPh)g]/CuPc bilayer heterojunction. The deposition process
mentioned above is similar to those reported previously for the
preparation of resistors” and MSDIs (semiconductor-doped insulator
heterojunctions).>

Fabrication and Measurements of OTFT Devices. OTFT
devices were fabricated on a SiO,/Si (300 nm thickness, capacitance
Co = 10 nF cm™) substrate by evaporating gold electrodes onto both
the (TFPP)Eu[Pc(OPh)]Eu[Pc(OPh),] QLS films and the bilayer
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 (I;) versus drain-source voltage (V4) characteristic was
obtained with a Hewlett-Packard (HP) 4140B parameter analyzer at
room temperature. It is noteworthy that no additional surface
treatment was carried out on the bare SiO,/Si substrate except the
cleaning procedure by means of the sonication in chloroform, acetone,
and ultrahigh-purity water in order to remove the possible organic
contamination.

B RESULTS AND DISCUSSION

Molecular Design, Synthesis, and Electrochemistry.
Previous investigations have revealed the potential ambipolar
organic semiconducting nature, also with potential balanced
carrier mobilities between electrons and holes, of sandwich-type
heteroleptic tris(tetrapyrrole) rare earth triple-decker com-
plexes containing different tetrapyrrole ligands with suitable
HOMO and LUMO energy levels relative to the working
functional of gold electrodes.”* As a consequence, in the
present case mixed (phthalocyaninato)(porphyrinato) euro-
pium triple-decker complex (TFPP)Eu[Pc(OPh)g]Eu[Pc-
(OPh)g] (1) was prepared according to published procedure
and characterized by a series of spectroscopic methods
including MALDI-TOF mass and 'H NMR, Figure S1 and
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S2 (Supporting Information). Four p- ﬂuorophenyl substituents
with slight electron-withdrawing ability"* were introduced onto
the meso-positions of porphyrin ligand, whereas eight pheno 1
moieties also with very weak electron-withdrawing ability*"

were introduced onto the peripheral positions of the
phthalocyanine ligands, in the mixed (phthalocyaninato)-
(porphyrinato) europium triple-decker molecule to tune its
HOMO and in particular the LUMO energy level toward
enhancing the hole and in partlcular electron transport of
corresponding organic semiconductor."® Cyclic voltammetrical
(CV) measurement over this triple-decker compound in
CH,Cl, disclosed four reversible one-electron redox couples
with the first oxidation and first reduction potential at +0.64
and —0.54 V (vs SCE), Figure 1 and Table S1 (Supporting
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Figure 1. Cyclic voltammogram (CV) of (TFPP)Eu[Pc(OPh)s]Eu-
[Pc(OPh)g] in CH,Cl, containing 0.1 mol L' [Bu,N][ClO,] at a
scan rate of 20 mV s~

Information). The HOMO and LUMO energies locating at
—5.08 and —3.90 eV, respectively, thus derived for this triple-
decker just simultaneously meet the energy range required for
good p-type and n-type organic semiconductors,”>* suggesting
the ambipolar organic semiconducting nature of this triple-
decker complex.

OTFTs Characterization. As clearly exhibited in Figure 2A,
the OTFTs device fabricated from 1 on the SiO,/Si substrate
using the QLS technique with a bottom-gate top-contact
configuration showed typically ambipolar (both p-channel and
n-channel) characteristics under ambient conditions, indicating
the air-stable intrinsic ambipolar semiconducting nature of this
compound. The carrier mobility () can be calculated by using
the saturation region transistor equation, I3, = (W/2L)uCy(Vg
V)%, where Iy is the source-drain current, V the gate
voltage, C, the capacitance per umt area of the dielectric layer,
and V; the threshold voltage, resultmg in the carrier
mobilities for holes of 6.0 X 107> cm®> V™' s™" and for electrons
of 1.4 X 107 cm® V™! 57!, Figure 2A. Very interestingly, after
being fabricated into the two-component bilayer heterojunction
thin film field effect transistors together with the p-type
unipolar semiconductor CuPc by directly growing of (TFPP)-
Eu[Pc(OPh)g]Eu[Pc(OPh)g] on the vacuum deposited (VCD)
CuPc film using the solution-based QLS method, the devices
constructed also exhibited air-stable performance with typical
ambipolar nature, but with significant improvement over the
carrier mobilities for both holes and electrons, up to 0.16 and
030 cm® V! s7', respectively, Figure 2B and Table S2
(Supporting Information). It should be pointed out that totally
30 efficient devices were examined. From the saturation-regime
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Figure 2. Output characteristics (I4 versus V) and (insets) transfer
characteristics (1I4|'/? versus Vg) as well as device configurations of
ambipolar OTFTs based on (A) the single-component (TFPP)Eu-
[Pc(OPh)g]Eu[Pc(OPh);] QLS film and (B) two-component
(TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g]/CuPc heterojunction deposited

on Si0,/Si (300 nm) substrate with Au top contact measured in air.

transfer plots, we estimated the hole mobility of 0.16 + 0.01
ecm? V7' 57! and electron mobility of 0.30 + 0.01 cm? V™' s7%
The distribution of devices mobility is shown in Figure S3
(Supporting Information). After having been stored in air for 2
months, the OTFTs exhibit negligible change in both electron
and hole mobilities, Figure S4 and Table S2 (Supporting
Information), indicating the good stability of the devices in air.
To the best of our knowledge, these results are actually among
the best ambipolar performance in terms of the scale of carrier
mobilities for both holes and electrons and in particular the
balance between them for the two-component bilayer OTFT
devices under ambient conditions.'®*® For comparative
purposes, the transport performance of the single layer CuPc
VCD film-based OTFTs grown under the same condition as
that in the bilayer heterojunction has also been recorded. As
displayed in Figure S5 and Table S2 (Supporting Information),
these single-layer CuPc VCD film-based OTFTs exhibited
relative low hole mobility of 0.0014 cm* V™' s™! in comparison
with the bilayer heterojunction devices. This is consistent with
the results reported previously.”” It is also worth noting that the
threshold voltages (Vy) were decreased from the single-
component-based device (=20 V for hole and +38 V for
electron) to the two-component-based device (—13 V for hole
and +25 V for electron), indicating the decrease in the trap
states in the bilayer heterojunction film.>*"'"***! In addition, as
evidenced by the nonlinearity of the output curve at low
source-drain voltage, both the single- and two-component-
based devices show significant contact resistance due to the
presence of charge carrier trap states within the solution-based
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film and at the semiconductor-metal interface.'® However,
electron and hole injection from gold into the (TFPP)Eu[Pc-
(OPh)g]Eu[Pc(OPh),]/CuPc two-component bilayer hetero-
junction is still efficient because of the heterojunction effect: the
electrons and holes accumulated at the interface of bilayer
heterojunction fill the trap states under the applied gate field in
the two-component device.>® Furthermore, both the output
and transfer curves for either single-component (TFPP)Eu[Pc-
(OPh)g]Eu[Pc(OPh)g] OTFTs or two-component bilayer
ambipolar devices in the present case at low gate voltages do
not show the current increase in a superlinear manner at high
source-drain voltages, ensuring their future practical applica-
tions. This is in line with those observed for ambipolar OFET
devices reported previously.'***~*

Thin Films Microstructures and Morphologies. For the
purpose of clarifying the large carrier mobilities of the two-
component heterojunction devices relative to the single-
component QLS film, analysis over the molecular packing
mode of (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)y] triple-decker
molecules in the films and the internal film-structure has
been conducted on the basis of the UV—vis absorption spectra,
thin-film XRD, and AFM observations. As shown in Figure 3,
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Figure 3. UV—vis absorption spectra of (TFPP)Eu[Pc(OPh)g]Eu[Pc-
(OPh)g] in CHCl, solution (solid line) and (A) QLS film (dashed
line); (B) CuPc film (dashed line) and the (TFPP)Eu[Pc(OPh)g]-
Eu[Pc(OPh)g]/CuPc bilayer (dotted line).

(TEPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g] in CHCI; solution dis-
plays intense Soret bands at 362 and 412 nm and the main Q-
bands at 629 nm with two weak vibrational shoulders at 687
and 720 nm, in line with those reports for mixed
(phthalocyaninato) (porphyrinato) rare earth triple-decker
analogues.“’43 However, after being fabricated into the QLS
film, the two main Q-bands were broadened and red-shifted to
641 and 714 nm, respectively, while the Soret band at 412 nm
was red-shifted to 415 nm, Figure 3A, indicating the formation
of J-type (edge-to-edge) molecular packing structure in the
QLS films of 1, on the basis of exciton theory™ and previously
published results.”® As for the CuPc VCD film, Figure 3B, the

2489

absorption due to the m—z* transitions of phthalocyanine
macrocycle appeared in the visible region at 615 and 694 nm
(Q-bands), showing as a doublet due to Davydov splitting.*
The intensity of the higher energy peak at 615 nm is larger than
that for the lower energy peak at 694 nm, indicating a typical a-
CuPc phase.” In addition, the Q-band of the CuPc VCD film is
broadened and blue-shifted with respect to CuPc in solution,*
revealing the formation of a H-type (face-to-face) molecular
packing structure and strong intermolecular interactions
between phthalocyanine rings. These results are in good
accordance with those deduced from the XRD studies as
detailed below. As shown in Figure 3B, the UV—vis spectrum of
the (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g]/CuPc bilayer hetero-
junction film showed two distinct Q-bands at 625 and 694 nm.
Obviously, the latter well-defined lower energy peak at 694 nm
should be mainly contributed from the a-CuPc film, suggesting
the same molecular packing mode of CuPc molecules in both
the single layer film and the bilayer heterojunction film. This is
further confirmed by thin-film XRD result (vide infra).
Although the former broadened Q-band at 625 nm is attributed
to the combination of the blue-shifted Q absorption of
(TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g] and the higher energy
peak of the CuPc film. This seems also true for the Soret bands
of (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g] in the bilayer hetero-
junction film, Figure 3B. On the basis of Kasha’s exciton theory,
blue-shifts in the main absorption bands of (TFPP)Eu[Pc-
(OPh)g]Eu[Pc(OPh)g] in the bilayer heterojunction film are a
typically sign of the effective face-to-face 7—r interaction
between tetrapyrrole ligands of neighboring triple-decker
molecules, indicating the successful change in the aggregation
mode of (TFPP)Eu[Pc(OPh),|Eu[Pc(OPh)g] molecules from
J-type in the single-component QLS film to H-type in the
bilayer heterojunction film and in particular the important role
of the VCD CuPc film in inducing the change of (TFPP)Eu-
[Pc(OPh)g]Eu[Pc(OPh)s] molecular packing mode. Obvi-
ously, the much more effective intermolecular face-to-face
interaction in the H-aggregates of triple-decker molecules than
that in the J-aggregates provides the electrons (as well as holes)
with a more extensive area for delocalization, which in turn is
responsible for the much larger carrier mobilities revealed for
the devices fabricated from the bilayer heterojunction film than
the single-component QLS film.**’

The quality of the single film and bilayer heterojunction film
as well as the preferred molecular orientation has been assessed
using the out-of-plane (OOP) X-ray diffraction (XRD)
technique. As shown in Figure 4A, the OOP XRD diagram of
the CuPc VCD film shows only one sharp diffraction peak at 26
= 6.86° (d = 1.29 nm) because of the interstacking distance of
the a-phase (200) lattice planes, indicating the nearly
perpendicular orientation of the CuPc molecules to the
substrate surface in a face-to-face stack within the thin film.**
In the OOP XRD pattern of the single-component QLS film of
(TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g], Figure 4B, two well-
defined peaks originating from the (100) and (010) plane are
observed at 2.05 and 3.57 nm, respectively. These two
diffraction peaks should be assigned to the dimensional size
for a unit cell, 2.05 nm (thickness) X 3.57 nm (length), formed
from edge-to-edge (J-type) stacking of two triple-decker
molecules depending on the z—r stacking and the van der
Waals intermolecular interactions between neighboring triple-
decker molecules on the basis of the energy-optimized
molecular structure according to our previous studies.'”*>**
The XRD pattern of (TFPP)Eu[Pc(OPh)]Eu[Pc(OPh),]/
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Figure 4. X-ray patterns for the (A) CuPc, (B) (TFPP)Eu[Pc-
(OPh)s]Eu[Pc(OPh);s], and (C) (TFPP)Eu[Pc(OPh)g]Eu[Pc-
(OPh)g]/CuPc thin films deposited on SiO,/Si substrates.

CuPc bilayer heterojunction film displays two peaks at 26 =
4.27° (d = 2.07 nm) and 6.88° (d = 1.29 nm), corresponding to
the (100) lattice plane of the top-layer (TFPP)Eu[Pc(OPh)g]-
Eu[Pc(OPh)g] and (200) lattice plane of the sublayer (CuPc),
respectively,™* Figure 4C. Appearance of the peak resulting

from the diffraction of the a-CuPc (200) lattice plane in the
bilayer heterojunction film indicates the same molecular
stacking structure employed by the CuPc molecules in the
bilayer heterojunction film as in the single-component CuPc
VCD film. In addition, observation of the d-spacing of 2.07 nm
due to the thickness of one (TFPP)Eu[Pc(OPh)s]Eu[Pc-
(OPh)g] layer also in the bilayer heterojunction film suggests
the regular layered structure of the triple-decker QLS film in
the heterojunction.””***" Judging from the diagonal dimension
of the (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g] molecule, 2.20
nm, on the basis of single crystal X-ray diffraction results,**>!
the orientation angle between the phthalocyanine plane in the
triple-decker molecule and substrate surface should amount to
ca.70.2°. This indicates the “edge-on” conformation of the
triple-decker molecules in the bilayer heterojunction film. As a
consequence, the triple-decker molecules employ nearly a
perpendicular orientation to the substrate surface in a H-
aggregation mode in the QLS layer of the bilayer hetero-
junction film,>* inset of Figure 4C. This is in good contrast to
the J-aggregation mode employed by triple-decker molecules in
the single-component QLS film as detailed above, indicating
again the template role of the a-CuPc (200) lattice plane in
inducing the change of the aggregation mode for the triple-
decker molecules from J-type in single-component QLS film to
H-type in the two-component bilayer heterojunction film in
addition to acting as the intrinsic active layer. The cofacial
molecular stacking mode with the “edge-on” configuration for
both CuPc and (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g] mole-
cules in the bilayer heterojunction film, is favorable for the
carrier transportation at the interface of the two phases.”**?
This is responsible for the significant improvement over the
device performance in particular for the ambipolar charge
transport in a bilayer organic thin-film transistors.

AFM observations are able to provide more information on
the aspect of the films and therefore allow the correlation
between the morphology and electrical properties. Figure 5
compares the morphology of the (TFPP)Eu[Pc(OPh)s]Eu-
[Pc(OPh)g] QLS film deposited on the SiO,/Si substrate with
that deposited on the CuPc VCD film as substrate. For the
comparison purpose, the CuPc VCD film morphology has also
been displayed in Figure SB. As can be seen in Figure SA, the
(TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)g] QLS film deposited
directly on the SiO,/Si substrate forms a randomly distributed
sheet-like aggregates of ca. 500 nm in length with large gaps
and cracks between aggregate domains and a root-mean-square
(Rims) value as high as 30.7 nm. This definitely does not favor

300.0nm

100.0nm

Figure S. AFM images of (A) (TFPP)Eu[Pc(OPh),]Eu[Pc(OPh)g] QLS film grown on the bare SiO,/Si substrate, (B) CuPc VCD film grown on
the bare SiO,/Si substrate, and (C) (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh)s] QLS film grown on CuPc film substrate.
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Figure 6. Schematic energy levels of CuPc and (TFPP)Eu[Pc(OPh)]Eu[Pc(OPh)] (a) before and (b) after contact together with the (c) scheme
of the heterojunction effect in the heterojunction transistor, with mobile free electrons and holes shown in the accumulated region of charge carriers
of the heterojunction. E; and E{' represent Fermi levels before and after contact, respectively.

the charge transport in this film and therefore is responsible for
the relatively lower carrier mobilities for both holes and
electrons of the single-component film OTFTs. The CuPc
VCD film consists of uniform small grain crystallites with
approximately 70 nm in diameter, giving a R, roughness value
of 6.84 nm, Figure 5B. Meanwhile, some voids are also
observed in the CuPc film that provides locations upon which
the second triple-decker molecular layer is able to grow. As
expected, significant improvement over the morphology has
been achieved over the QLS film after being fabricated onto the
CuPc VCD film as substrate, Figure 5C. Many crystallites of ca.
100 nm in diameter with good connection between crystallites
grains and the R value as small as 3.31 nm have been clearly
revealed for the (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh),] film
deposited on the CuPc-modified substrate. This is surely
beneficial for the charge transport and therefore results in
significant improvement over the OTFT device performance.
Transistor Mechanism. Despite the difference in the
composition from the previously reported two-component
bilayer thin film devices in terms of the organic semiconductors
nature, the remarkably improved device performance of the
heterojunction devices relative to the single-component QLS
film-based OTFTs in the present case should also be due to the
heterojunction effect (accumulation of electrons and holes
occurs in the interface of bilayer heterojunction).*® The energy
levels of both CuPc and (TFPP)Eu[Pc(OPh)s]Eu[Pc(OPh)g]
(1) are shown in Figure 6a, based on the electrochemical study
of 1 and previously reported results for CuPc.>* As can be
found, (TFPP)Eu[Pc(OPh);]Eu[Pc(OPh),] accepts electrons
more easily than CuPc due to its lower LUMO energy relative
to the latter one, —3.90 versus —3.30 eV. As a result, the work
function (the energy required to remove an electron from the
semiconductor to the vacuum level), which is the difference
between the vacuum level and the Fermi level (Ey), is lower for
the (TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh),] layer than that for
the CuPc layer, 3.7 eV.>* When the two semiconductors
contact each other to form a bilayer heterojunction, electrons
spontaneously transfer from the CuPc layer to the (TFPP)Eu-
[Pc(OPh)g|Eu[Pc(OPh)g] one in the interface, while holes
migrate into the CuPc layer. At the equilibrium state, the Fermi
levels are aligned, leading to electron-accumulation in the
(TFPP)Eu[Pc(OPh)g]Eu[Pc(OPh),] layer side and hole-
accumulation in the CuPc layer side, Figure 6b and 6c. This
in turn results in an increase in the carrier mobility in the
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heterojunction transistors due to the abundance of mobile free
carriers (electrons and holes). Meanwhile, the decrease in the
threshold voltages for both holes and electrons can also be
attributed to the accumulated electrons and holes in the
interface of bilayer heterojunction (the heterojunction effect),
which filled the trap states.”**'

H CONCLUSION

A new mixed (phthalocyaninato)(porphyrinato)europium
triple-decker compound with intrinsic air-stable ambipolar
semiconducting nature has been designed, synthesized, and
fabricated into the two-component bilayer heterojunction thin
film OTFTs in combination with the p-type single-polar
semiconductor CuPc for the first time. The resulting OTFT
device has good performance with carrier mobilities of 0.16 cm*
V™' s7! for holes and 0.30 cm® V™! s7! for electrons in air. This
device surpasses many other competitors in terms of both scale
and balance between the hole and electron mobility. The
present work opens a new way for the preparation of air-stable,
high-performance ambipolar OTFT devices through the
combination of molecular design and device fabrication
technique.
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