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Ambipolar Organic Thin Film Transistor-like Behavior
of Cationic and Anionic Phthalocyanines Fabricated

Using Layer-by-Layer Deposition from Aqueous Solution
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Organic thin film field effect transistors of water-soluble cationic and anionic phthalo-
cyanine derivatives were successfully prepared using the layer-by-layer deposition technique.
The alternating film growth and subsequent transistor properties were studied with a variety
of techniques including ellipsometry, UV-vis spectroscopy, polarized UV-vis spectroscopy,
AFM, and field effect transistor measurements. A stepwise and regular deposition of
copper(II) phthalocyanine tetrakis(methyl pyridinium) chloride and copper(II) phthalocyanine
tetrasulfonic acid, tetrasodium salt multilayers in both pure water and 0.03 M NaCl solution
was observed. Differences in linear growth were observed between pure water and 0.03 M
NaCl-based solutions. Polarized UV-vis spectra indicated that the conjugated phthalocyanine
ring lies almost flat on the substrate surface with a random orientation within the plane of
the substrate. Unusual “ambipolar” transistor-like behavior was found for the films that
can be attributed to an ion-modulated electrical conduction mechanism, which relies on the
assistance of mobile ions to stabilize the oxidized or reduced species in the channel region.

Introduction
There is an increasing amount of interest in the

literature involving the use of conjugated polymers and
oligomers as the active organic semiconductor layer in
thin film devices such as light-emitting diodes (OLEDs),
field effect transistors (FETs), and photovoltaic devices.1
These materials provide certain advantages over their
inorganic counterparts such as easy processing and
compatibility with plastic substrates.2 In these devices,
it is crucial that the organic molecules be arranged in
specific molecular architectures, where the spacing

between the molecules and their orientation helps to
control macroscopic properties of the material and
device performance.3 Phthalocyanines are excellent
candidates for usable architectures because of their
inherent symmetry, which makes rational design of
supramolecular structure easier to achieve. They have
shown promise as the functional component of both p-
and n-channel FETs,4 gas sensors,5 and photovoltaic
devices.6
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Many techniques have been developed to assemble
phthalocyanines and other organic semiconductors as
thin films but the layer-by-layer control of composition
and thickness is still a challenge. Thermal evaporation
is the most widely used technique but this is limited to
volatile, thermally durable materials. It also has its
disadvantages in terms of economic feasibility for device
fabrication at the industrial scale. If organic semicon-
ductors are going to compete with their inorganic
counterparts, low-cost technologies such as solution
deposition or printing techniques offer the greatest
advantages.

Even though solution deposition is very desirable, it
has proven difficult for organic semiconductors in the
past. The most common oligomeric semiconductors, such
as pentacene and sexithiophene, are practically in-
soluble in any organic solvent. Generally, the solubility
of a material can be improved through chemical struc-
ture modification, but this usually comes at the cost of
device performance. For example, sexithiophene, one of
the most widely studied oligomers, has been substituted
at the â-positions of the thiophene ring system. This
drastically improves the solubility but breaks the pla-
narity of the π-system and more importantly its ability
to pack in a structure where charge carriers can move
freely.7 In the few instances where the solubility barrier
has been overcome, solution casting or spin coating has
been used to fabricate devices, usually from halogenated
solvents. Spin coating with oligomers and small mol-
ecules is very difficult because of their lower viscosity.
Solution-cast films typically have an unpredictable
morphology that is nonuniform and yield devices that
vary greatly in terms of performance.8 Recently, Afzali
et al. demonstrated that high field effect mobility is
obtainable with solution casting from a pentacene
precursor.9 The precursor is deposited by spin coating
from halogenated solvents and then heated, which
converts it into pentacene. In their work, there is no
mention of the surface morphology or the variation in
device performance. There are many factors in solution
deposition that still need to be addressed such as surface
free energy, aggregation dynamics, and surface crystal-
lization. Nevertheless, the results are promising and
competitive with that of vacuum deposition.

Since the ordering of multilayers is crucial to device
performance, a rational choice for device fabrication is
the layer-by-layer deposition technique. About 10 years
ago, Decher and co-workers extended the pioneering
work of Iler to a new preparative method for organized
thin films.10 It was demonstrated that multilayers could
be prepared by alternatively dipping a substrate into
solutions containing a positively and negatively charged

polyelectrolyte. Exceptional film uniformity has been
demonstrated with polyelectrolytes,11 organic semicon-
ductors,12 and a variety of other functional molecules.13

It has subsequently been used in an abundance of
applications, some of which include thin film coatings,
electro-optic devices,14 biosensors,15 catalysis,16 nonlin-
ear optics,17 analytical separations,18 and thin film
dielectrics.19 This technique is especially promising
because of its simplicity and the ease in processability
it offers.

It is generally believed that charge transport in
organic molecules relies on weak electronic interactions
between adjacent conjugated molecules. Therefore, good
molecular ordering is extremely important in achieving
high field effect mobility. Most organic semiconductors
are unipolar, meaning they transport only one carrier
type whether it is holes or electrons. Organic ambipolar
transistors, having both n- and p-type behavior, have
been reported in polymers containing ionic side chains,20

and low-mobility blends.21 Some applications, such as
organic complementary circuits, require both p- and
n-channel semiconductors and ambipolar materials
could be used in their future design which eliminates
the need to pattern p- and n-channel components
separately.

In this study, we combine the properties of water-
soluble phthalocyanine molecules and the ease of pro-
cessability of the layer-by-layer deposition technique to
fabricate air-stable, ambipolar FETs. To our knowledge,
this is the first report of thin film transistors (TFTs)
prepared using this technique. This system may also
be used to answer some questions about the fabrication
and mechanism of TFTs in general, such as the effect
of polyelectrolytes, that is, electrostatic charges, water,
and small ions, on device performance. In addition, it
was previously reported that some ionic-containing
species may undergo ion-assisted electrical conduction,
which gives rise to ambipolar transistor behavior.20 It
is of interest to find out if the same effect is present in
these phthalocyanine-containing thin films.

As stated above, many techniques have been devel-
oped to assemble phthalocyanines as thin films but the
layer-by-layer control of composition and thickness is
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still a challenge. Thermal evaporation is the most widely
used technique, but this is limited to volatile, thermally
durable materials. Cooper et al. demonstrated the
applicability of the layer-by-layer deposition process to
phthalocyanines with their incorporation into polypep-
tide-dye multilayers.22 As for the order of the phthalo-
cyanine molecules in the multilayers, they observed
dimer formation based on the changes in the Q-band
absorption spectrum with no evidence of higher ag-
gregates in any of their films.

Electrostatic attraction between the charged sub-
strate and adsorbed molecule is the energetic driving
force for multilayer formation. However, it is increas-
ingly complicated to describe the molecular packing
arrangement of the material based on electrostatics
alone. Most likely, this is determined by competition
between hydrophobic effects, electrostatics, and many
other factors. Also, it is unclear whether the molecules
are adsorbed as small aggregates from solution or as
larger micelles. Therefore, it is of great interest to gain
more insight into the adsorption process and the factors
affecting molecular orientation, which can considerably
affect the carrier mobility in traditional organic FETs.
Here, we report the fabrication of phthalocyanine-based
field effect transistors from aqueous and 0.03 M NaCl
solutions that operate under ambient conditions where
ion-modulated electrical conduction was found to be the
conduction mechanism.

Experimental Section

Materials. All essential chemicals and reagents were
purchased from Aldrich. Alcian blue-tetrakis(methyl pyri-
dinium) chloride (AB) and copper(II) phthalocyanine-3,4′,4′′,4′′′-

tetrasulfonic acid, tetrasodium salt (CuPS) were rinsed with
acetone prior to use. Poly(sodium 4-styrenesulfonate) (PSS;
MW ca. 70000) and poly(diallyldimethylammonium chloride)
(PDADMAC; MW ca. 100000-200000) were used without
further purification. Their chemical structures are shown in
Figure 1.

Multilayer Preparation. Ultrapure water was used for
all experiments and all cleaning steps, which was obtained
by an ion-exchange and filtration unit (Milli-Q Academic,
Millipore Corp.). The resistivity was 18.2 MΩ‚cm. Silicon
wafers and glass microscope slides were cut into pieces 2.5 ×
3.0 cm2. The substrates were rigorously sonicated with Fisher
sonicating solution, water, 2-propanol, and acetone for 15-20
min each. This was followed with plasma cleaning (Plassmod
March Instruments Inc.) in an argon atmosphere for 6 min.
They were then soaked in piranha solution (30% H2O2/70%
H2SO4 v/v) for 30 min (Caution: piranha is a strong oxidizer
that should be handled with care and not stored in closed
containers) and thoroughly rinsed by sonication in water. They
were then dried completely and submerged into freshly
distilled toluene containing 0.5 wt % of 3-aminopropyltriethoxy-
silane (APS) for functionalization. After 30 min, the solution
was discarded and toluene was added and sonicated for 15 min.
Half of the toluene was then discarded, acetone added, and
the container sonicated for an additional 10 min. Finally, the
substrates were sonicated in acetone for 10 min, dried, and
stored in 0.01 M HCl solution overnight. The APS layer
thickness was 10.0 Å as determined by ellipsometry. Water
contact angle measurements (Model CAM-Micro, Tantec Inc.)
were taken before and after functionalization to ensure si-
lanization by monitoring the change in hydrophilicity of the
surface for the glass substrates.

Prior to deposition of AB or CuPS, three layers of polyelec-
trolyte (PSS/PDADMAC/PSS) were deposited to ensure an
evenly charged surface and increase the surface charge density
of the substrate (see Transistor Measurements section). The
concentration of polymer solutions was 1 mg/mL in pure H2O.
AB and CuPS solutions (0.5 mg/mL) in water and 0.03 M NaCl
were also prepared. Multilayers were then built up by alter-
nating deposition of AB and CuPS until the desired layer
number was reached. This was either done by hand or with

(22) Cooper, T. M.; Campbell, A. L.; Crane, R. L. Langmuir 1995,
11, 2713.

Figure 1. Chemical structure of the materials used in thin film fabrication.
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the aid of an automated dipping machine (HMS Series
Programmable Slide Stainer, Carl Zeiss, Inc.). A dipping period
of 30 min was used for AB and CuPS, with rinsing, drying,
and measurements taken in between.

Measurements. The UV-vis spectra were obtained with
a Perkin-Elmer spectrophotometer (Lambda 20) using a quartz
cuvette or glass slide. Polarization UV-vis absorption mea-
surements were performed at normal and oblique incidence
to investigate the in-plane and out-of-plane anisotropy. Ellip-
sometric thickness measurements were performed on a Mul-
tiskop (Optrel GbR) with a 632.8-nm He-Ne laser beam as
the light source. Five measurements were taken for each layer
and the results were averaged. Delta and psi values were
measured and thickness data were calculated by integrated
specialized software (Multi, Optrel GbR) using n ) 1.6 and k
) 0.1 for the phthalocyanine layers.

Atomic force microscopic (AFM) images were taken in air
by the PicoScan system (Molecular Imaging) equipped with a
7 × 7 µm scanner. Magnetic AC (MAC) mode (a noncontact
mode) was used for all of the images. A MAC lever, a silicon
nitride-based cantilever coated with magnetic film, was used
as an AFM tip. The force constant of the tip was 0.5 N/m and
the resonant frequency was around 100 kHz. All samples were
measured inside a suspension chamber to minimize ambient
disturbance.

Current-voltage characteristics were obtained with a
Hewlett-Packard (HP) 4155A semiconductor parameter ana-
lyzer. Both top and bottom contact geometries were used for
measurements. The Si substrate is n-doped with an oxide layer
of 300 nm as the gate dielectric with a capacitance per unit
area of 10 nF/cm2. For the bottom contact geometry, gold
electrodes forming channels of 250-µm width (W) and 1.5-25-
µm length (L) were photolithographically defined. The AB/
CuPS layers were then deposited over the entire electrode/
dielectric surface. For the top contact geometry, gold electrodes
were defined after the layer-by-layer deposition by using
shadow masks with a (W/L) ) 5.5. The measurements were
carried out under ambient conditions unless otherwise indi-
cated.

Results and Discussion
UV-Vis Spectrometry. Parts (a) and (b) of Figure

2 show the UV-vis absorption spectra of AB and CuPS,
respectively. The absorbance band in the UV, termed
the Soret band, occurs around 332 and 337 nm for AB
and CuPS, respectively. This band is responsible for the
deep blue color of the materials. The Q-band, occurring
at 612 and 629 nm for AB and CuPS, respectively, is
also typical of phthalocyanine materials. The band edge
has been assigned to a π-π* transition from the highest
occupied molecular orbital (HOMO) to the lowest un-

occupied molecular orbital (LUMO) through extended
Hückel calculations by Schaffer et al.23 The position of
the Q-band is more sensitive to substitution and envi-
ronment than the Soret band in most cases.

Multilayer Growth. The formation of multilayer
assemblies of AB and CuPS on the various substrates
proceeded in a linear and stepwise fashion. The sub-
strates were pre-deposited with three layers of poly-
electrolyte prior to deposition of AB to ensure maximum
surface charge density and to provide equal surface
conditions within each type of substrate. The multilayer
growth was monitored by UV-vis absorption spectros-
copy and ellipsometry thickness measurements were
taken between each layer. Figure 3 shows the UV-vis
absorption spectra of the film prepared from 0.03 M
NaCl. The intensity of absorbance increases linearly
with the number of dipping cycles, indicating a stepwise
and regular growth process. The inset of Figure 3 plots
the integrated area under each bilayer to verify the
linear increase with each layer number. Also, the
position of the Q-band does not change much with
respect to the solution, indicating a small amount, if
any, higher aggregate formation upon adsorption.

Figure 4 shows the thickness increase for the thin
films measured by ellipsometry. There is a linear,
stepwise increase in thickness with increasing layer
number that is consistent with the orderly increase in
absorption intensity as shown by UV-vis. The average
bilayer thickness is 10.5 Å for AB/CuPS in pure H2O
and 15.6 Å from 0.03 M NaCl. The total film thickness
is 111.5 Å from pure H2O and 170.0 Å from 0.03 M NaCl
after 10 bilayers. These thickness results are similar
to those reported by Li et al. for nickel phthalocyanine,
sulfonated salt, and polyelectrolyte multilayers in which
X-ray reflectometry was used in addition to ellipsometric
measurements.24 However, it is evident that the pres-
ence of salt increased the average thickness per layer
but with reduced linearity. This has been consistently
observed with other layer-by-layer systems where salts
play an important role in the aggregation process and
the layer packing arrangement.12c,25

(23) Schaffer, A. M.; Gouterman, M.; Davidson, E. Theor. Chim.
Acta 1973, 30, 9.
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Fitzsimmons, M. R.; Li, D. J. Phys. Chem. B 1998, 102, 400.

Figure 2. UV-vis absorption spectra in solution: (a) AB and
(b) CuPS in water.

Figure 3. UV-vis absorbance spectra of multilayer films (1-
10 bilayers) prepared from 0.03 M NaCl solution. The inset
shows the integrated area under the peaks vs bilayer number.
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The molecular orientation of the phthalocyanine
molecules in the solid state is of great interest because
it is thought to strongly affect the carrier mobility in
electronic devices, such as FETs and photovoltaic cells.
The UV-vis absorption of the π-π* transition is very
sensitive to the direction of polarization of incident light
and has proven to be a useful tool for the analysis of
the structural anisotropy of thin films.26 Parts (a) and
(b) of Figure 5 show the polarized UV-vis absorbance
spectra of 10 bilayers of AB/CuPS prepared from 0.03
M NaCl at a 90° and 45° incidence angle, respectively.
The electric field is parallel (p-polarization) and per-
pendicular (s-polarization) to the plane of the substrate
as shown in the figure insert. At 90°, the shape and
position of the absorption bands does not change ac-
cording to the polarization mode. In the case of the
spectra recorded at a 45° incidence angle, either with
the electric field in the plane of the substrate (s-
polarization) or perpendicular to the plane (p-polariza-
tion), stronger absorption intensities are obtained from
the s-polarization mode. From these two experimental
geometries, it can be concluded that the π-π* absorp-
tion of the phthalocyanine molecules exhibits a polar-
ization dependence. Since no change in absorption
intensity is observed in the case of 90° and a large
difference is observed at 45° with the s-component being
greater, it can be concluded that the phthalocyanine
molecules lie relatively flat with respect to the substrate
surface. It also tells us that the phthalocyanine mol-
ecules have a random orientation within the plane of
the substrate, which is to be expected since there is no
preferred dipping direction as adsorption occurs.

Transistor Measurements. The field effect transis-
tor is a three-terminal device in which the current flow
through two terminals is controlled by a voltage at the
third. Its basic structure is shown in Figure 6. The FET

is comprised of the following components: electrodes
(the source, drain, and gate), a dielectric layer, and a
semiconducting layer. The current flow between the
drain and source electrodes (IDS) is modulated by the
applied gate voltage (VG). An “off state” of the transistor
is when no gate voltage is applied between the drain
and source electrodes (VG ) 0). IDS is usually very low
in the off state as long as the semiconducting material
is not highly doped. When a voltage is applied at the
gate, charges are induced into the semiconducting layer
at the interface between the semiconductor and dielec-
tric layer. As a result, the drain-source current increases
due to the increased number of charge carriers. This is
the “on state” of the transistor. For p-channel devices,
holes are the major charge carriers whereas electrons
are the major charge carriers for n-channel transistors.
Recent reviews on organic FETs can be found else-
where.27

Transistors were fabricated under a variety of condi-
tions and the field effect mobilities of each device type
are shown in Table 1. To show the precision of each
measurement, the data are reported as a range where
at least 10 devices were tested for each deposition
condition. Parts (a) and (b) of Figure 7 show the typical
IDS-VDS plot for the layer-by-layer transistors operating
at different gate voltages at both negative and positive
gate biases, respectively. When a negative (or positive)
bias is applied, the drain-source current scales with the
negative (or positive) gate voltage.

For purposes of comparison with other organic FETs,
the mobilities have been calculated by standard field
effect transistor equations. Since the shape of the graph
and mechanism of charge propagation may be different
in these “ambipolar” transistors, the mobilities calcu-
lated are just estimations and by no means an absolute
value. In traditional metal-insulator-semiconductor
field effect transistors (MISFETs), there is typically a
linear and saturated regime in the IDS vs VDS curve at
various VG. At low VDS, IDS increases linearly with VDS
and can be approximated by

where W is the channel width, L is the channel length,
Ci is the capacitance per unit area of the insulating
layer, VT is the threshold voltage, and µ is the field effect
mobility. From this equation, the mobility can be
calculated in the linear regime from the transconduc-
tance

by plotting IDS vs VG at a constant VDS and equating
the value of the slope of this plot to the transconduc-
tance.

Also, µ may be calculated by determining the slope
[(∂IDS/∂VDS)VG)const] in the linear regime of the IDS vs VDS
curve at various VG. These slopes are then plotted
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Figure 4. Thickness increase of AB/CuPS multilayers with
increasing layer number determined by ellipsometry.
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vs VG, and the slope of this plot (∂/∂VG) [(∂IDS/
∂VDS)VG)const]VDS)const is equal to (WCi/L)µ.

In the saturated regime, µ can be approximated by
the slope of the plot of |IDS

1/2| vs VG.28 In all of our
devices prepared under different conditions, the mobility
values calculated from the linear regime are higher by
a factor of 2 or greater than those calculated using this
approximation.

The shape of the graphs in (a) and (b) of Figure 7 are
unusual for organic transistors in that the current does
not saturate with increasing applied gate voltage. It

increases almost linearly with increasing VDS at a given
gate bias, indicating an electric-field-dependent charge
density or mobility. Also, the entire set of I-V curves
shift up when there is no time delay between repeated
scans. After about 15-30 s, the I-V curves return to
their original positions or values. The devices can be
operated in air for long periods of time with very repro-
ducible I-V curves. The device shown in Figure 7 is one
of at least 10 devices on the same wafer that produced
similar results. The off-current in these phthalocyanine
devices are relatively high (∼200 nA for the devices
shown) whereas those made from vacuum-sublimed
phthalocyanines are usually on the order of pA or a few
nA. This high off-current behavior may be related to
contributions from ionic currents to mobile ions intro-
duced during the layer-by-layer deposition process.

Table 1 also shows the variation of mobility with
different gap sizes (distance between the source and
drain electrodes) in the bottom contact device geometry.
As the gap size is increased, the mobility decreases. At
smaller gap sizes (1.5 µm), there is a large increase in
current but the gate effect is lost. This also indicates
an electric-field-dependent mobility where ionic conduc-
tivity plays a role when the electrodes are separated by
a smaller gap.

Similar ambipolar behavior has been reported for
certain conducting polymers containing ionic side
chains.20,29 In our case, the ambipolar nature of the
multilayers can be related to the amount of mobile ions
in the film. Polyelectrolyte multilayers have been known

(28) Dimitrakopoulos, C. D.; Brown, A. R.; Pomp, A. J. Appl. Phys.
1996, 80 (4), 2501. (29) Babel, A.; Jenehke, S. A. Adv. Mater. 2002, 14, 371.

Figure 5. Polarized UV-vis absorption spectra of AB/CuPS of 10 bilayers prepared from 0.03 M NaCl solution at (a) 90° and (b)
45°.

Figure 6. Schematic diagram showing the basic components
of organic field effect transistors in the top contact geometry.
The alternative bottom contact geometry has the source and
drain electrode on the semiconductor-dielectric interface.
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to incorporate around 20 wt % water,30 which provides
a medium for mobile ions in the transistors. When the
devices were dried under vacuum (10-3 Torr) for 24 h
and most of the water was removed, both p- and n-type
behavior ceased. This is likely since the geometry of the
phthalocyanine molecules in the film is such that
minimal π-π stacking can occur. The ambipolar behav-
ior can be recovered upon re-exposure to ambient
conditions.

To see if there was any effect on the mobility due to
the polyelectrolyte prelayers, films were prepared with-
out PDADMAC and PSS at the beginning of the dipping
cycles. The mobilities are also shown in Table 1. The

deposition also proceeded in a similar fashion, but after
a considerable number of deposition cycles, there were
visible patches of material and some places where
deposition did not occur on the film. This was due to
the decreased charge density of the surface provided by
the self-assembled monolayer (SAM) of APS.

In layer-by-layer deposition, it is well-known that any
surface charge defects in the monolayer can be over-
compensated by using polyelectrolytes prior to deposi-
tion of small molecules. Polyelectrolytes, with their large
number of ionic groups, can bridge the underlying
defects in the SAM.10d,31 In this sense, the surface
morphology and charge density at the semiconductor-
insulator interface is dominated by the polyelectrolyte
layers and not the substrate or the SAM. Using a
polyelectrolyte-modified SiO2 surface does bring about
changes in the performance of the devices, but not to
the extent that it does with other vacuum-deposited
organic semiconductors where ions do not play an
important role in the device.

To see the effect of polyelectrolytes on the transistor
performance of a typical organic semiconductor, penta-
cene films were vacuum-deposited at room temperature
on untreated and polyelectrolyte-treated wafers. The
mobility (calculated from the saturated region) was
significantly decreased in the case of the treated wafers
(bare SiO2, µ ) 0.25 cm2/V‚s; polyelectrolyte, µ ) 0.02
cm2/V‚s), which can be partially attributed to the sizes
of the grains of organic material deposited on the
substrate surface. Figure 8 shows the AFM images of
the vacuum-deposited pentacene films at room temper-
ature on bare SiO2 (left) and the polyelectrolyte-modified
surface (right). It is difficult to say for certain if this
change in grain size is due to the morphological change
at the surface or the introduction of ionic groups but it
is a significant change nonetheless.

In the past, TGA,18 XPS,12b,32 neutron reflectometry,33

and radioanalytical techniques34 have been used to
detect the presence of small ions in films fabricated by
layer-by-layer adsorption and in most cases have failed
to detect their presence. These results seem to indicate

(30) Farhat, T.; Yassin, G.; Dubas, S.; Schlenoff, J. Langmuir 1999,
15, 6621.

(31) Laschewsky, A. Eur. Chem. Chron. 1997, 2, 13.
(32) Laurent, D.; Schlenoff, J. B. Langmuir 1997, 13, 1552.
(33) Schmitt, J.; Grunewald, T.; Decher, G.; Pershan, P. S.; Kjaer,

K.; Losche, M. Macromolecules 1993, 26, 7058.
(34) Schlenoff, J. B.; Li, M. Ber. Bunsen-Ges. Phys. Chem. 1996,

100, 943.

Table 1. Field Effect Mobilities of Devices Fabricated under Various Conditionsa

AB/CuPS multilayers
deposited under

various conditions

mobility, (µ) in (cm2/V‚s)
calculated from

saturated approximation.

mobility, (µ) in (cm2/V‚s)
calculated from

the multiple VG’s

mobility, (µ) in (cm2/V‚s)
calculated from

the transconductance

pure H2O (top contact, (p) 1.41 × 10-5 to 1.46 × 10-5 (p) 3.31 × 10-5 to 3.52 × 10-5 (p) 2.58 × 10-5 to 2.91 × 10-5

40-µm gap, W/L ) 5.5) (n) 4.40 × 10-6 to 5.20 × 10-6 (n) 1.88 × 10-5 to 2.03 × 10-5 (n) 1.36 × 10-5 to 1.38 × 10-5

0.03 M NaCl (top contact, (p) 7.51 × 10-5 to 9.31 × 10-5 (p) 1.68 × 10-4 to 2.06 × 10-4 (p) 1.55 × 10-4 to 2.32 × 10-4

40-µm gap, W/L ) 5.5) (n) 7.10 × 10-5 to 1.04 × 10-4 (n) 1.94 × 10-4 to 2.02 × 10-4 (n) 1.72 × 10-4 to 2.02 × 10-4

0.03 M NaCl without PE prelayers (p) 4.07 × 10-5 to 1.45 × 10-4 (p) 6.94 × 10-5 to 2.44 × 10-4 (p) 6.96 × 10-5 to 2.33 × 10-4

(top contact, 40-µm gap, W/L ) 5.5) (n) 7.30 × 10-5 to 1.15 × 10-4 (n) 2.23 × 10-4 to 2.33 × 10-4 (n) 2.27 × 10-4 to 2.6 × 10-4

pure H2O (bottom contact, (p) 2.62 × 10-5 to 3.43 × 10-5 (p) 7.44 × 10-5 to 9.09 × 10-4 (p) 7.05 × 10-5 to 1.11 × 10-4

15-µm gap, W/L ) 17) (n) 2.04 × 10-5 to 3.12 × 10-5 (n) 8.01 × 10-5 to 8.51 × 10-5 (n) 8.91 × 10-5 to 1.06 × 10-4

0.03 M NaCl (bottom contact, (p) 1.60 × 10-4 to 2.32 × 10-4 (p) 3.54 × 10-4 to 3.80 × 10-4 (p) 3.37 × 10-4 to 3.54 × 10-4

15-µm gap, W/L ) 17) (n) 1.11 × 10-4 to 1.13 × 10-4 (n) 2.37 × 10-4 to 2.55 × 10-4 (n) 2.22 × 10-4 to 2.55 × 10-4

0.03 M NaCl (bottom contact, (p) 6.40 × 10-5 to 8.45 × 10-5 (p) 1.12 × 10-4 to 1.60 × 10-4 (p) 8.77 × 10-5 to 1.80 × 10-4

27-µm gap, W/L ) 9.44) (n) 4.91 × 10-5 to 8.25 × 10-5 (n) 1.34 × 10-4 to 1.55 × 10-4 (n) 1.46 × 10-4 to 1.48 × 10-4

a Values are reported as a range where at least ten different transistors were tested for each condition. (p) and (n) represent the
p-channel and n-channel device conditions, respectively.

Figure 7. Typical IDS vs VDS curves at (a) negative and (b)
positive gate bias for the AB/CuPS multilayers fabricated from
0.03 M NaCl solution with a gap of 14 µm.

1410 Chem. Mater., Vol. 15, No. 7, 2003 Locklin et al.



that the amount of small ions incorporated into the film
is minimal. One especially interesting example is from
Durstock and Rubner, where changes in the dielectric
behavior and conductivity of multilayer films made of
polyelectrolytes were monitored under different tem-
peratures and conditions.19 They were able to qualita-
tively show that more small ions are incorporated into
films that included added salt in the solutions during
the dipping cycles than were from pure water. Our
results also indicate that the same is true for the layer-
by-layer deposition of small molecules. There is an
increase in the field effect mobility for the films depos-
ited from saline solution, indicating that more small ions
are incorporated into the films than that of the pure
water system.

Transistor Mechanism. On the basis of these
observations, we propose that the multilayers undergo
ion-assisted electrochemical doping during transistor
operation similar to that reported by Chen et al. for

certain polymers containing ionic side chains.20 The
phthalocyanine molecules at the semiconductor-elec-
trode interface are oxidized or reduced during charge
injection. Charge transport is realized by a hopping
mechanism of holes or electrons from one molecule to
another throughout the film. The mobile ions present
in the film migrate to the channel region of the transis-
tor and act to balance and stabilize the charge of the
electrically doped small molecules. The proposed mech-
anism is schematically shown in Figure 9. In the idle
state of the transistor, the ions are electrostatically
bound to each other and all charges are compensated
for. In the off state, some of the ions are used to stabilize
an amount of the radical cations and anions produced
by the applied bias (VDS) at the electrode-semiconductor
interface. When a gate bias is applied (VG), the ions help
to stabilize the holes or electrons at the semiconductor-
insulator interface, providing a larger channel where
charges can propagate. Both the polarity and the extent

Figure 8. 3 × 3 µm AFM images of vacuum-deposited pentacene at room temperature onto bare SiO2 (left) and a polyelectrolyte-
treated SiO2 surface (right). The scale bar shown is 500 nm.

Figure 9. Schematic diagram of the proposed ambipolar transistor mechanism: (a) idle state; (b) off state, (c) on state for n-type,
and (d) on state for p-type (O reduced molecules, b oxidized molecules, x cations from ionic species, Q anions from ionic species).
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of doping are modulated by the applied VG. The current
we observed should be due to electronic conduction
instead of ionic conduction since the current stabilizes
at a given drain source and gate voltage where an ionic
current will decrease with time.

Conclusions

AB/CuPS alternating multilayers were successfully
prepared from both pure water and 0.03 M NaCl
solution using the layer-by-layer deposition technique.
The multilayer growth proceeded in a stepwise and
regular fashion. Our results indicate that the phthalo-
cyanine molecules lie relatively flat with respect to the
substrate surface and have a random orientation within
the plane of the substrate. Field effect transistors were
successfully fabricated from the multilayers, which
showed unusual “ambipolar” transistor-like behavior.

The operating mechanism involves ion-assisted electro-
chemical doping and the magnitude of the field effect
mobility was found to rely on the amount of small ions
available in the film. Further investigation is underway
with regard to adsorption behavior of other phthalocya-
nine molecules and their possible use as FET sensors.
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