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Organic field-effect transistors (OFETs) based on small
molecules, polymers, and composites are the subject of inten-
sive research.!"?! Most of the reported transistors use organic
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semiconductors capable of transporting either only holes
(p-type)®™! or only electrons (n-type),®” with the large ma-
jority being p-type, such as phthalocyanines, oligothiophenes,
etc. The field-effect mobility is largely determined by the mor-
phology of the semiconductor film at the interface with the
gate dielectric.®! Early studies of interface-related effects
were concerned with the chemical modification of the dielec-
tric surface, for example, with self-assembled monolayers or
by surface passivation of the commonly used SiO, or Al,O3
dielectrics, with the modified surfaces resulting in optimized
interfaces and higher crystallinity for the semiconductor
growth.l”! Recently, organic gate dielectrics!'>"> were intro-
duced as an alternative to inorganic gate oxide-type dielec-
trics. Organic dielectrics i) can be solution processed, ii) pro-
vide smooth films on transparent glass and plastic substrates,
iii) are suitable for optoelectronic applications like photo-
responsive OFETs due to their high optical transparency,
iv) can be thermally stable up to 200 °C with a relatively small
thermal expansion coefficient, and v) can possess a rather
high dielectric constant, on the order of 10. The performance
of OFETs with organic gate dielectrics critically depends on
the choice of the gate dielectric.' The use of special gate
electrets, for example, allows for the production of non-vola-
tile, all-organic field-effect transistor memory elements.l'’~'%)

In field-effect transistors with a hydroxy-group-free inter-
face between the semiconductor and the polymeric gate di-
electric, it has been observed that n-type carrier transport is
feasible in most organic semiconductors.””! Two-dimensional
numerical simulations on metal-insulator-semiconductor
structure devices suggested that electron transport in p-type
organic semiconductors is possible with sufficiently small
channel lengths and ohmic source—drain electrodes.”!! Ambi-
polar charge transport, the simultaneous or selective transport
of electrons and holes in OFETS, is of interest from a funda-
mental scientific as well as from an application point of
view.?23 In organic electronics, so far very little is known
about the correlation of ambipolar transport®®! with the mor-
phology of organic semiconducting thin films at the interface
between the organic semiconductor and the gate dielectric.*!
Electron transport properties are more sensitive to the purity
of the crystal.”?

The current benchmark material for high-performance
OFETs is vacuum-evaporated pentacene.[34] Conducting
probe atomic force microscopy measurements on single pen-
tacene islands have shown that pentacene can conduct both
electrons and holes (i.e., is ambipolar).[35] Here we have cho-
sen pentacene and para-hexaphenyl (PHP) in order to investi-
gate ambipolar charge transport in these semiconductors. As
gate dielectrics, poly(4-vinyl phenol) (PVP) and poly(vinyl al-
cohol) (PVA) polymers are employed. PVP and PVA differ
by their surface energy (35 and 45 mJ m~, respectively) and
dielectric constant (3.9 and 8, respectively). It seems that
growing the organic semiconducting film on gate dielectrics
with a different surface energy and dielectric constant results
in a change of the morphology of the semiconductor film.
Ambipolar charge transport is observed in PVA dielectric
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FET devices. The observation is supported by quasi-static
capacitance—voltage measurements on metal-insulator—semi-
conductor structure devices.

The two chosen organic semiconductors pentacene”™ and
PHP as well as the two organic dielectrics PVPIOB! and
PVA 1 have previously been well studied. The water con-
tent of the two polymers is difficult to estimate, though it is
expected to have an influence on the dielectric constant and
charging dynamics. A simplified energy band diagram of pen-
tacene®”! with Au electrodes in the absence of a bias potential
and of interface dipoles is depicted in Figure la. Note that
these are actual barrier heights as estimated from the ultravio-
let photoelectron spectroscopy (UPS) and reverse UPS mea-

[34]

3.12eV

3.0eV
(a) LUMO (b) LUMO
dy(e-)
dp(c-)
(i) 0u()
HOMO HOMO
521eV 6.1eV
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ITO
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()]
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Saemiconductor
Irsulator

— o P
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Figure 1. a) Simplified energy band diagram of pentacene with Au.
b) PHP with Au (from [37]). Schematic diagram of the device structure;
c) metal-insulator-semiconductor (MIS) arrangement and d) top-con-
tact pentacene OFET.

surements.””) Although one would expect the injection of
electrons from gold into the lowest unoccupied molecular
orbital (LUMO) of pentacene to be a difficult process due to
the large injection barrier [pp(e)~1.35€eV, @u(h")
~0.85 eV],[37] we have achieved n-type FET operation by opti-
mizing the pentacene film morphology at the interface with
the organic dielectric. PVA has a higher surface energy and
dielectric constant in comparison to PVP. This results in a
stronger interaction between the dielectric surface and the
pentacene molecules during evaporation, as evident from the

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

film morphology (see Fig. 2). Figures 2c,d depict small penta-
cene crystallites on PVA, while larger crystallites are obtained
on PVP (Figs. 2a,b). In PVP, with the lower surface energy
and lower dielectric constant, three-dimensional growth of
pentacene is favored.'’! Accordingly, transport properties are

Figure 2. AFM topographical images (2.5 umx 2.5 um) of room temper-
ature grown a) 5 nm pentacene film on PVP, b) 50 nm pentacene film
on PVP, ¢) 5 nm pentacene film on PVA, and d) 50 nm pentacene film
on PVA.

found to be very different for the two cases studied, probably
because of the different film morphology. In the field-effect
transistor experiment, changes in the conductance along the
semiconductor surface is studied as a function of an electric
field applied normal to the surface. An alternative method for
charge injection studies is provided by capacitance—voltage
measurements on metal-insulator-semiconductor (MIS)
structures.

The quasi-static capacitance, C, of the MIS structure versus
gate voltage, Vg, is shown in Figure 3 for pentacene grown on
PVP (Fig. 3a) and PVA (Fig. 3b). Over one hundred different
devices were measured and showed a deviation of about 20 %
in the total capacitance. In the MIS structure, the capacitance
is modelled as a serial connection of the gate dielectric capaci-
tance and the capacitance of the semiconducting layer. The
measured capacitance approaches the capacitance of the pure
dielectric (1.2 and 1.8 nF c¢m™ for PVP and PVA, respective-
ly), whenever charges are attracted to the interface between
the semiconductor and the dielectric, e.g., for hole and elec-
tron accumulation, respectively. As shown in Figure 3a, in the
case of PVP, we have only observed hole accumulation, as evi-
dent from the increase of the capacitance at negative Vg

www.advmat.de Adv. Mater. 2005, 17, 23152320
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Figure 3. Room temperature quasi-static capacitance-voltage curves for
the MIS structures in Fig. 1b with a) PVP (applied alternating current
(ac) voltage of 1V at different frequencies with a scan rate of 0.02 Vs™)
and b) PVA as a dielectric. For PVA, the accumulation of both electrons
and holes at the interface seems possible, whereas for PVP, only the
accumulation of holes is found.

Electron accumulation is not observed, since the capacitance
of the MIS structure decreases with increasing V. The results
suggest an increasing depletion region with increasing V4, and
no electron accumulation at the interface. Note that the C-
Vs curves are practically the same in sweeps with increasing
and decreasing gate bias voltage levels with no apparent hys-
teresis. In Figure 3b, for the PVA dielectric, a completely dif-
ferent behavior of the capacitance versus Vi, is seen. On the
left side, with negative V, we have also observed hole accu-
mulation, as in the case of PVP. However, on the right side, at
positive V,,, we have found an increasing capacitance with
increasing gate voltage. This result may be interpreted in
terms of electron accumulation, though the large hysteresis
obtained on sweeping the gate voltage from negative to posi-
tive bias and vice versa is puzzling. In conventional inorganic
MIS, the frequency dependence (that is, the decrease of the
capacitance in the accumulation or inversion regime) is attrib-
uted to interface states. Further work is needed to extend such
an explanation to organic structures.

The C-V, measurements clearly revealed single carrier
transport in pentacene on PVP and a possibility for ambipolar
transport in pentacene on PVA. Therefore, we have studied
the features of pentacene OFET structures (Fig. 1c) with PVP

Adv. Mater. 2005, 17, 2315-2320 www.advmat.de
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and PVA dielectrics, respectively. According to the above dis-
cussion, pentacene films grown on PVP are expected to give
rise to an OFET with hole-only accumulation, whereas penta-
cene films on PVA may accumulate both electrons or holes at
the interface depending on the bias applied. Figure 4a shows
the output characteristics of pentacene OFETs with Au as the
source—drain electrode using PVP as a dielectric to demon-
strate only the transport of holes (dominantly single carrier

<
E
3 N anadadadas
= T
IOV e J
0.1 o N 1°
S
s / R
0.2 S 1-10
-100 -50 0 50 100
Vds [V]

Figure 4. a) Output characteristics of a single-carrier-type pentacene
OFET on PVP. b) Ambipolar pentacene OFET on PVA. All measurements
are performed with steps of 2 Vs™'. The insets show the chemical struc-
ture of PVP and PVA, respectively. Note: the left and right scales corre-
spond to the p-channel and n-channel mode characteristics, respectively.

type), as expected from the C-V,, measurements shown in
Figure 3a. Ambipolar transport is observed in pentacene
OFETs with Au source—drain electrodes on the PVA dielec-
tric (Fig. 4b). The threshold voltage, V,, is found to be differ-
ent for OFETs with PVP and PVA as gate dielectrics, al-
though the thickness of the dielectrics is essentially the same.
In the case of PVA, one would expect the injection of elec-
trons from gold into pentacene to be a difficult process (see
Fig. 1a) because of the mismatch in the energies of the
LUMO level of pentacene and the workfunction of gold

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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[pp(e7)=1.3 eV]. However, in spite of this, the transistor
works at a relatively low threshold voltage, a V; of 18 V (in
n-channel mode), with a drain current of I;s=107 A for an
applied gate bias of V,=+120 V. The transistor characteris-
tics were also measured by using Ca/Al as a source—drain elec-
trode, where transistors lose their meaning in the case of PVP
and ambipolar transport in the case of PVA. The n-channel
mode in the case of PVP shows a I4(Vys) similar to a diode
characteristic, which is in agreement with the capacitance—
voltage measurements indicating a reverse biased p-n junc-
tion (Fig. 3b). In the case of PVA, Iy is the sum of both hole
and electron currents at lower V,, (Fig. 4b) and above the V,
14 seems to be predominantly a result of the accumulation of
electrons at the interface of the semiconductor and insulator,
which is an unique feature of ambipolar transport. The V; for
such a selective transport is also seen in the transfer character-
istics presented in Figure 5.

10*

Figure 5. Transfer characteristics of pentacene OFETs using PVP (dashed
line) and PVA (solid line). All measurements are done with steps of 2 Vs™.
Ambipolar transport is observed in OFETs on PVA with a small hysteresis.
Mobilities obtained from the curves are summarized in Table 1.

Figure 5 shows the comparison of the transfer characteris-
tics of the two pentacene OFETs, which demonstrate strik-
ingly different transport properties. Devices on PVP with a
p-channel mode show the largest on current, which is analo-
gous to the output characteristics previously shown in Fig-
ure 4a. In the n-channel mode, the hole current is further

depleted by applying a larger Vs and there is no evidence for
an electron current. For the devices on PVA, both p-channel
and n-channel formation is observed, which is analogous to
the output characteristics shown previously (Fig. 4c). When
the direction of Vi is reversed we generally observed a size-
able hysteresis. The hysteresis observed in PVA-based devices
is quite well known, and is attributed to the presence of mo-
bile ionic charges.[16]

The drain current depends quadratically on the applied V.
This allows estimation of the mobility, u from:**!

Ids :‘u‘;;Ci (Vgs - Vt>2 1)

where W is the channel width, L is the channel length, and C;
is the dielectric capacitance. In the estimation of the field-ef-
fect mobility, a Vs independent mobility is assumed and for
simplicity contact resistances were not taken into account.
The field-effect mobilities obtained from the forward curves
are summarized in Table 1. Mobilities obtained from devices
where the semiconducting film was grown at an elevated tem-
perature of 50 °C are comparatively higher, as reported in the
literature.”®”

Additional experiments that involved growing a PHP film
on PVA resulted in OFETs (with Au as a source—drain elec-
trode) with ambipolar output characteristics. As shown in
Figure 1b, the electron-injection barrier, gp(e”) from the Au
electrode to the LUMO level of PHP is 1.3 eV and the hole-
injection barrier, ¢p(h") from the Au electrode to the highest
occupied molecular orbital (HOMO) level of PHP is
1.8 eV.'"l These energy barriers are comparable with penta-
cene. Due to this high barrier, the current is mainly limited by
injection. The contact resistance in ambipolar OFETs is
strongly reduced with increasing V4, which can be interpreted
in terms of tunnel injection through a thin barrier.***!l Qur
finding is that organic semiconductors can be ambipolar on
hydroxy-terminated dielectrics. This may be seen as an inter-
esting result since it has been suggested in the literature!®!
that surface dipoles make n-channel behavior less likely.

Although ambipolar transistors cannot, as such, be used to
realize complementary circuits, they have great potential for
complementary-like circuits.’***! Our results reveal evidence
for a possibility of n-type behavior in pentacene-based
OFETs, which in conjugation with a p-type operating mode
would allow the completion of such circuits.

Table 1. Summary of parameters extracted from the OFETs fabricated using PVP and PVA gate dielectrics. The values shown here are an average of at least

ten different devices fabricated under identical conditions.

Dielectric Semiconductor Dispersive surface energy [a] Threshold voltage (V) (hole, electron) Hole mobility (1) Electron mobility (ue)
[m) m7] vl [em* V' s [em* V7' s
PVP pentacene (RT) 35 0 0.5 Not active
PVA pentacene (RT) 45 -10.18 0.4 0.05
pentacene (50 °C) - -27.57 0.5 0.2
PVA para-hexaphenyl (RT) - -30.80 0.02 0.001

[a] The constant contact angles obtained for PVP and PVA on dielectric films thicker than 1 um are used to evaluate the interfacial dispersive surface
energies. The surface energy reported here is comparable with one reported in the literature [42].

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In conclusion, we have shown ambipolar transport in
OFETs grown on PVA as a gate dielectric. PVA affects the
growth of the semiconductor, where smaller grain sizes
accompany the ambipolar charge transport properties with a
high electron mobility of 0.05 cm?V~!s™ and a hole mobility
of 04 cm?V s using contacts such as gold. The present
study indicates that the morphology of the semiconductor
interface at the organic semiconductor/organic dielectric is a
critical parameter for OFET properties such as ambipolar
transport. A correlation of thin-film nanomorphology and
ambipolar transport is established for normally unipolar high-
mobility organic materials.

Experimental

Indium titanium oxide (ITO) glasses were cut to 15 mm x 15 mm in
size and were etched to leave an area of 0.5 mmx 15 mm as a gate
electrode. After cleaning the glass with acetone and propan-2-ol in an
ultrasonic bath, the polymer dielectric was spun from solution onto its
surface. The area of the gate dielectric was optimized by removal of
the thin film with the respective solvent. Poly(vinyl alcohol) (PVA)
(Mowiol®40-88) with an average molecular weight of 120000 (Sig-
ma-Aldrich) and poly(4-vinyl phenol) (PVP) with average molecular
weight of 50000 (Sigma—Aldrich) were used as received. All the di-
electrics, PVP (10 % in propan-2-ol) and PVA (10 % in water), were
spun at 1500 rpm on top of the ITO glasses. To ensure that all the sol-
vent was removed from the PVA and PVP film, the films were dried
in an Ar atmosphere at 60 °C and left overnight. The average thick-
nesses of the two dielectrics are about 1-1.5 um. Pentacene and para-
hexylphenyl were used as received from Sigma-Aldrich. Organic
thin-films were grown at the rate of 0.2-0.3 As™ at room temperature
at a base vacuum of 10 mbar. We used Leybold Univex 350 which
has a source-to-substrate height of about 0.5 m. Subsequent metal
evaporations were performed under a vacuum of 9 x 10~ mbar using
a shadow mask. Separate MIS structure devices with Au (60 nm) as
top electrodes were prepared for the quasi-static capacitance—voltage
measurements. Device transportation from the evaporation chamber
to the glove box for metal evaporation and all further electrical char-
acterization was carried out under an argon environment. Other met-
als, such as Ca/Al and Mg/Al, were also evaporated for comparative
studies. The channel length, L, of the device is 20-25 um and the
channel width is W=1-1.5 mm, giving a W/L ratio of 50-100. An Agi-
lent E5273A with two source-measure unit instrument was employed
for the steady state current—voltage measurements. In addition, Keith-
ley 2400 and 236 source-measure unit instruments were also employed
to reconfirm all the electrical measurements. All measurements were
performed with a scan rate of 2 Vs~ unless otherwise stated. For qua-
si-static capacitance—voltage measurements, we used a HP 4248 A pre-
cision LCR meter with a typical scan rate of 0.02 Vs™. The surface
morphology and the thickness of the dielectric and organic thin-films
were measured under ambient conditions with a Digital Instrument
Dimension 3100 atomic force microscope. A comparison of the mea-
sured dielectric capacitances under inert conditions with the thickness
of the dielectric layer consistently gave values of the dielectric con-
stant, ¢, of 3.9 and 8, and capacitance, C;, of 1.2 and 1.8 nF cm™? for
PVP and PVA, respectively, which was in agreement with the pre-
viously published values [16].
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One-Dimensional Quantum-
Confinement Effect in a-Fe,053
Ultrafine Nanorod Arrays**
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Bandgap and band-edge positions, as well as the overall
band structure of semiconductors, are of crucial importance in
photoelectrochemical and photocatalytic applications. The en-
ergy position of the band-edge level can be controlled by the
electronegativity of the dopants, solution pH (flat band poten-
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tial variation of 60 mV per pH unit), and by quantum confine-
ment effects. Accordingly, band edges and the bandgap can be
tailored to achieve specific electronic, optical, or photocata-
lytic properties. A very important application is found in the
generation of H, from direct photo-oxidation of water with-
out external bias.!l Indeed, to succeed in splitting water via
solar irradiation, the valence band of the semiconductor has
to be located at a lower energy level than the chemical poten-
tial of dioxygen evolution (H,0O/O,), and the conduction band
has to be located at a higher energy level than the chemical
potential of dihydrogen evolution (H,/H"). If the positions of
the energy levels of the valence and conduction band are not
fulfilled, an external bias has to be applied to induce the pho-
tocatalytic process, which in turn substantially reduces the
overall efficiency. It has been reported that an optimal band-
gap of 2.46 eV is required for water photo-oxidation with-
out an external bias. Although the bandgap of hematite, re-
ported to be around 1.9 to 2.2 eV (depending on its
crystalline status and methods of preparation), and its valence
band edge are suitable for oxygen evolution, the conduction
band edge of hematite is too low to generate hydrogen.
Therefore, a blue-shift of the bandgap of hematite of about
0.3 to 0.6 eV and the concomitant upward shift of the conduc-
tion band edge would make hematite an ideal anode material
for photocatalytic devices for the photo-oxidation of water in
terms of cost, abundance, and non-toxicity, as well as thermal
and structural stability and photocorrosion resistance. Effi-
cient photovoltaic properties have been demonstrated by the
design of thin films of hematite consisting of crystalline arrays
of oriented nanorods.”! T hey exhibited substantial photocur-
rent efficiencies due to better transport and collection of
photogenerated electrons through a designed path (i.e., the
oriented rods), as well as to a better physical and structural
match between the n-type semiconductor material, the diame-
ter of its nanometer-scale building blocks, and the minority
carrier (hole) diffusion length.m In the present report, we in-
vestigate quantum-confinement effects on bandgap profiling
in similar arrays by resonant inelastic X-ray scattering for
potential application of such nanomaterials in direct photo-
oxidation of water by solar irradiation.

The formation of bundles of ultrafine hematite nanorods is
understood by considering the crystal structure of $-FeOOH,
which occurs in nature as the mineral akaganeite. It crystallizes
in the tetragonal system (space group I4/m (C3;), a=10.44,
c=3.01 A). Its structure can be described as a tunnel structure
(similar to a-MnO,) hosting H,O or CI” and is based on a
defected close-packed oxygen lattice with three different kinds
of oxygen layers (Fig. 1, bottom). Every third layer is only
two-thirds occupied, with rows of oxygen atoms missing along
the c-axis. The cation occupation of octahedral sites between
the other anion layers is in double rows, but separated by sin-
gle rows of empty sites along the c-axis. The octahedral cation
sites remaining between the third anion layer and its neighbor
layer are completely filled. This topology produces dioctahe-
dral chains, which are arranged around the four-fold sym-
metric c-axis. The chains share vertices along their edges,
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