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a b s t r a c t

Here the device performance is shown to be directly related to the measured electronic
level alignment at the dielectric interface in C60 organic field effect transistors (OFETs).
We compare C60 on two dielectrics: Al2O3 and a divinyltetramethyldisiloxane-bis(benzo-
cyclobutene) (BCB)–Al2O3 bilayer. The improved transistor performance and the lowering
of the threshold voltage by 0.8 V due to the BCB interlayer are reflected in the ultra-violet
photoemission data. These show a 0.8 eV difference in the work function and a concomi-
tant shift in the C60 valence band. By following the work function the improvement is
shown to be due to the dipole at the organic BCB–C60 interface.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Interface engineering in organic field effect transistors
(OFETs) has become the key issue in designing devices
with acceptable electrical transport properties. The crucial
part is to design the interface between the dielectric and
the organic semiconductor [1]. It has been demonstrated
that by introducing a polymeric layer on an oxidic dielec-
tric surface the overall device performance can be en-
hanced. Recent publications demonstrate well performing
transistors with passivation layers of various thin
polymeric insulators as well as transistors with self assem-
bled molecules (SAMs) grown on silicon dioxide and Al2O3

[2–6]. Factors ranging from film morphology through to is-
sues of electronic level alignment could all be playing a
role. While device activity has concentrated on modifying

the inorganic dielectric surface with SAMs or polymer
dielectrics, little work has considered the possibility of
charge rearrangements at the interface of such modifiers
with the organic semiconductor. Recently theoretical
modelling has suggested that improvements in transfer
characteristics and rigid shifts of the threshold voltage
can result from the introduction of permanent space charge
or dipole layers at the organic semiconductor/dielectric
interface [7]. In particular the introduction of a BCB divi-
nyltetramethyldisiloxane-bis(benzocyclobutene) interlayer
between the inorganic dielectric (Al2O3, SiO2) and the organ-
ic semiconductor has been reported to yield low operating
voltages and high mobilities [2–4]. Apart from suggestions
of it acting as a passivation layer removing hydroxyl
groups from the semiconductor dielectric interface little
is known of the function of BCB interlayers. Till now very
few combined studies of device characteristic and photo-
emission investigations of the energy level alignment of
device structures can be found in literature [8]. Moreover,
to our knowledge there have been no such studies where a
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comparison of device structures with and without inter-
layer has been made.

In this work transistors using C60 and a bilayer of BCB–
Al2O3, which has been reported to have low operation volt-
age (�1 V) and high mobilities (<3 cm2 V�1 s�1) [2,3], were
used to explore the role in the improved performance due
to the BCB interlayer. Here a systematic study of two insu-
lator-C60 structures, with and without BCB, is made. We
compare the performance of the field effect transistors
and show that the improvement of the OFET with BCB
can be directly related to the differences in energy level
alignment as measured by ultra-violet photoemission
spectroscopy (UPS). Moreover, from studies of each inter-
face the improvement in device performance arising from
the polymeric interlayer is shown to be generated by an in-
built potential at the BCB-interlayer/organic semiconduc-
tor interface.

2. Experimental section

Here we use the same OFET system as Zhang et al. [3]
and we systematically compare the interface of C60 and
BCB–Al2O3 to the interface of C60 and Al2O3 alone to under-
stand its role in the improved performance. To allow
meaningful comparison we fabricated two bottom-gate/
top contact transistors, such that both the Al2O3 alone
and the bilayer Al2O3–BCB exhibit the same geometric
capacitance, as depicted in Fig. 1. Additionally using
55 nF cm�2 dielectric layers provide transistors operating
at gate voltages in the range of 1 V and a mobility of
1 cm2 V�1 s�1. To combine the transistor with the photo-
emission spectroscopy the same MIS structures are studied
by UPS with the samples prepared in a controlled way
using the same batch at once and a blind sample as a ref-
erence for the surface characterization.

2.1. OFET fabrication and characterization

BCB precursor solution and C60 was purchased from Al-
drich and Merck respectively. The C60 was purified in a fur-
ther re-sublimation process before evaporation. 200 nm of

Al are deposited on a glass substrate at a rate of 10 Å s�1.
For the Al2O3 gate insulator a 145 nm and an 85 nm film
respectively is electrochemically grown on the Al following
the instructions from Majevski et al. [9] and Schröder et al.
[10]. The generated oxide was then rinsed and treated with
distilled water at 80 �C in the ultra sonic bath and finally
dried at 200 �C. For the polymer layer a 1 wt% BCB precur-
sor solution in mesitylene was spun onto the 85 nm thick
aluminium oxide film at 1500 rpm and afterwards an-
nealed at 150 �C for cross linking. By controlling the
Al2O3 thickness we obtained two systems (Al2O3 layer
and Al2O3–BCB bilayer) with similar surface roughness of
1.5 nm RMS and with the same measured geometric capac-
itance Cp of 55 nF cm�2. The thicknesses were measured by
capacitance measurements (Al–Al2O3–Al) and checked by
cross section scanning electron microscopy. For the semi-
conductor a 300 nm C60 film was deposited in high vacuum
using hot wall epitaxy technique at a substrate tempera-
ture of 140 �C and a growth rate of 0.5 Å s�1 [11]. The
morphologies, as determined by AFM of the C60 films on
the two substrates are found to be similar. For the
source-drain contacts LiF/aluminium (0.6 and 50 nm)
[12] was evaporated using a 70 lm shadow mask for the
channel and a channel width W of 2 mm. The OFETs were
characterized using Agilent E5273A 2-channel-source unit.

2.2. UPS measurements at dielectric-semiconductor interface

For the UV photoemission spectroscopy metal–insula-
tor–semiconductor structures were prepared in the follow-
ing way: A 5 nm thin layer of aluminium oxide was
electrochemically grown on aluminium and treated after-
wards as mentioned in Section 2.1. For the BCB surface,
the 1% precursor solution was directly spun onto oxidized
aluminium and cured at 200 �C as for the transistor. In a
further step the C60 was deposited by thermal evaporation
at a rate of 1 A s�1 at a substrate temperature of 78 K in or-
der to guarantee homogenous covering. The thickness of
the C60 is 2 nm (3–4 molecule layers) as determined by a
quartz microbalance calibrated for C60. The samples were
then characterized by HeI (21.2 eV) UPS in ultra high vac-

Fig. 1. Schematic of the OFET structures studied with (a) and without (b) a BCB layer on Al2O3. Both structures exhibit the same geometric capacitance of
55 nF cm�2.
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uum using a Specs PHIOBOS hemispherical energy ana-
lyser. The valence band spectra were recorded in both nor-
mal and 45� off normal emission angles and the work
functions were determined from the secondary electron
cut off in normal emission with a bias of 10 V. For all films
XPS spectra were taken and no significant contamination
was observed.

3. Results and discussion

3.1. OFET characterization

The device characteristic with and without BCB are
compared in Fig. 2a and b which show the output charac-
teristics and the transfer characteristics taken in the linear
regime (Ugate > Udrain), respectively. Data presented here
are recorded when the gate voltage Ugate as well as the
drain voltage Udrain are applied in ascending and descend-
ing mode with 1 s integration time per step. Both figures
reflect the same trend, however, the transistor with the
BCB interlayer performs significantly better in all respects.
It has a higher source-drain current Ids, a higher depletion
and accumulation amplitude, a sharper onset, a higher on/

off ratio and a lower hysteresis. The observed hysteresis in
the transfer curve is reduced for the BCB–C60 and the
charge charier mobility l in the range of 1 cm2 V�1 s�1

is in good agreement to earlier results of C60 on BCB
[2,13,14].

The most striking difference of the two systems is the
tremendous change in the threshold voltage Uth: To extract
the exact threshold value in the linear regime, the trans-
conductance change or second derivative (SD) method is
selected [15]. The method estimates Uth as the gate voltage
at which the derivative of the transconductance (dI/dUgate)
is maximum [16]. It works around the problem of series
resistances and is shown to give reliable values for organic
(n-channel) systems [17]. In Fig. 3a, the second derivative
of the transfer characteristics d2I=dU2

gate is presented show-
ing two maxima. The device with BCB shows a distinct and
sharp peak, whereas for the device without BCB the peak is
rather broad and ill-defined.

The peak maximum corresponds to the threshold
voltage Uth of the transistor system which shifted
from +725 mV in the Al2O3–C60 interface system to
�75 mV in the BCB–C60 interface system. The device with
the BCB interlayer has a 0.8 V lower Uth.

Fig. 2. Output characteristics (a) and transfer characteristics (b) in the
linear regime (Udrain<Ugate�Uth) of both OFETs with (dark) and without
(light) BCB layer on Al2O3.

Fig. 3. (a) Shift of threshold voltage DUth as seen in the second derivative
of the transfer characteristics in OFETs with (dark) and without (light)
BCB layer. (b) The UV photoemission spectrum of C60 on Al2O3 (light) and
on BCB (dark) referenced to the Fermi energy. The shift in the HOMO and
in the secondary electron cut-off DU is indicated.
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3.2. Photoemission studies

Photoemission measurements of ex situ prepared films
on dielectric substrates are particularly challenging as con-
tamination and charging effects can be misleading and care
has to be taken. In Fig. 3b the UPS spectra of Al/Al2O3/BCB/
C60 and Al/Al2O3/C60 thin film structures are shown refer-
enced to the Fermi energy obtained from a metal substrate.
In both cases the valence band fingerprint of the upper-
most C60 layer is well defined with a quality approaching
that of in situ UHV prepared C60 films [18]. This, combined
with the fact that the ionisation potential of C60 in both
cases are in agreement with literature values [18], shows
that contamination and charging effects are minor.

The comparison of Fig. 3a and b illustrates the link be-
tween the device thresholds Uth and the electronic level
alignment observed in the UPS spectra with BCB and with-
out BCB. Clearly, introducing the BCB interlayer leads to a
rigid shift of the entire photo emission spectrum to lower
binding energy relative to the Fermi level. The shift of
the HOMO-peak is measured to be 0.6 eV whereas the shift
in the secondary cut-off, the change in the work function,
is 0.8 eV. Thus the change in the measured C60 electronic
level alignment induced by the BCB layer is the same as
the lowered threshold voltage measured in the device with
BCB.

To determine where and why the BCB has lowered the
threshold voltage UPS spectra were measured at each layer
in the device. This is summarized in Fig. 4 where the en-
ergy relations of the studied metal–insulator–semiconduc-
tor (MIS) systems for all interfaces with the work function
measured for each layer are indicated. For the pure inor-
ganic dielectric device without BCB (Fig. 4a) we measured
a large work function drop to 2.7 eV on oxidation of the
aluminium surface followed by a very small increase of
the work function to 2.9 eV when the C60 film is grown
on the oxide. Similar changes have been observed in
in situ model studies [19,20]. In contrast, what is seen in
Fig. 4b, is that on applying BCB to the Al2O3 surface the
work function drops further to 2 eV. Then when C60 is
grown on the BCB surface there is a large increase of the
work function to 3.7 eV. At both BCB interfaces (Al2O3

and C60) significant dipoles are formed and clearly BCB
cannot be considered simply a passive spacer layer. The
large work function increase at the BCB–C60 interface is
the prime determinant of the improved device
performance.

The result suggests that a significant interface dipole is
formed at the BCB–C60 interface. This is surprising as gen-
erally organic–organic interfaces display vacuum level
alignment with no significant interface dipoles. However
in recent model studies [21] significant interface dipoles
at organic–organic interfaces have been observed and were
attributed to integer charge transfer (ICT) that is the for-
mation of polaronic charge transfer states. Indeed the ob-
served work function increase for C60 on P3HT has been
attributed to this effect [21].

The C60 level alignments on the two gate dielectrics
measured in the UPS are consistent with the two threshold
voltages measured for the OFETs. Gate voltages of
�0.075 V (BCB–C60) and +0.725 V (Al2O3–C60), would shift

the HOMO level in both cases to around 2.8 eV below the
Fermi level of the source. As C60 is a n-type semiconductor
it is the LUMO relative to the Fermi energy of the source
that is critical. Given a C60 affinity level of �2.5 eV above
the HOMO [21,22] one sees that the device threshold is
obtained when the electron affinity is positioned slightly
below the Fermi level of the source.

4. Conclusion

To conclude we studied two different interfaces be-
tween an organic semiconductor (C60) and oxide (Al2O3)
and an organic polymer (BCB) respectively. At the BCB
interlayer dipoles are formed, which lower the threshold
voltage and improve the transistor performance. The 0.8 V
difference in the threshold voltage of the two device struc-
tures has been shown to be directly related to the 0.8 eV
work function differences and is consistent with the band
offset of C60 in each device. Photoemission investigations
at all interfaces clearly indicate that the dipole formed at
the BCB–C60 interface is the prime determinant for the
improved device threshold. The magnitude and mecha-
nism of this shift suggests detailed studies into tailoring

Fig. 4. Measured energy level diagrams of the two metal–insulator–
semiconductor (MIS) structures studied without (a) and with (b) BCB
between C60 and Al2O3. The Fermi level is the reference level and the work
function at each layer are indicated. Note the large work function change
at the BCB–C60 interface (b) and that the difference in the final work
function between the two structures is 0.8 eV.
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organic–organic interfaces on the gate dielectric could be
very promising for optimizing device performance.
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