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The fabrication and characterization of high-mobility,n-channel organic field-effect transistors
sOFETd based on methanofullerenef6,6g-phenyl C61-butyric acid methyl ester using various organic
insulators as gate dielectrics is presented. Gate dielectrics not only influence the morphology of the
active semiconductor, but also the distribution of the localized states at the semiconductor-dielectric
interface. Spin-coated organic dielectrics with very smooth surfaces provide a well-defined interface
for the formation of high quality organic semiconductor films. The charge transport and mobility in
these OFET devices strongly depend on the choice of the gate dielectric. The electron mobilities
obtained are in the range of 0.05–0.2 cm2 V−1 s−1. Most of the OFETs fabricated using organic
dielectrics exhibit an inherent hysteresis due to charge trapping at the semiconductor-dielectric
interface. Devices with a polymeric electret as gate dielectric show a very large and metastable
hysteresis in its transfer characteristics. The observed hysteresis is found to be temperature
dependent and has been used to develop a bistable memory element. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1895466g

I. INTRODUCTION

Recently, organic-based electronics evolved with thin-
film devices like displays,1–3 sensors,4 electronic labels,5,6

ring oscillators,7 and complementary integrated circuits. The
basic structure of organic electronics is the organic field-
effect transistorsOFETd. A low-voltage-operated, pentacene-
based OFET with a self-assembled monolayer as ultrathin
gate insulator was demonstrated with a mobility in the range
of 1–1.5 cm2/Vs.8,9 To fabricate a complementary integrated
circuit, high-mobility p- and n-type materials are required.
However, very few organic semiconductors aren type, with
acceptable electron mobilities.10 We have recently demon-
stratedn-channel OFETs using hot wall epitaxy grown C60

thin films with electron mobilities up to 1 cm2/Vs.11

The overall performance of an OFET critically depends
on the choice of the gate dielectric.12,13 Recently, polymeric
insulators have been considered as gate dielectrics.13–18

These polymeric materialssid can be solution processed,sii d
give smooth films on transparent glass and also on plastic
substrates,siii d are suitable for opto-electronics such as
photo-responsive OFETs due to their high optical transpar-
ency, sivd can be thermally stable with a relatively small
thermal expansion coefficient, andsvd can possess rather
high dielectric constants on the order of 10.13–18 Detailed
studies have shown that the first few monolayers of organic
semiconductors are highly ordered, allowing a high mobility
of field-induced charge carriers when grown on top of poly-
meric dielectrics,16,18 a crucial advantage in field-effect de-

vices. Furthermore, insulating polymers are technically rel-
evant in OFETs since there is no more need of inorganic
materials, thereby allowing uniform production technologies
with all organic layers in OFETs.

OFETs with polymeric insulators as gate dielectric usu-
ally exhibit hysteresis in the transfer characteristicsssource-
drain currentIds as a function of the gate voltageVgsd. One
mechanism for the hysteresis is charge trapping and detrap-
ping at the interface between the insulator and the semicon-
ductor. The concept of “floating-gate-like” effects in OFETs
was first proposed by Katzet al.19 Among the commonly
used organic-based dielectrics, polyvinyl alcoholsPVAd, is
also known as a charge electret.20,21 The large hysteresis in
OFETs using PVA as dielectric layers have been utilized in a
nonvolatile organic transistor memory element.22 Other
“ferroelectric-like” polymers, such as nylon polysm-xylylene
adipamided PsMXD6d23 and polysvinylidenefluoride-
trifluoroethylenedPsVDF-TrFEd,24 were also employed in
OFET memories. On the other hand, OFETs with surface-
treated inorganic dielectrics exhibit negative threshold volt-
age shiftssbias stressing effectsd, assumed to be due to the
trapping of charges in less mobile states located in the
semiconductor.25,26 Metal-insulator-organic-semiconductor
sMISd structures exhibit a sizable hysteresis due to mobile
ions or trap-forming interfacial charges.27,28For all these rea-
sons, the choice of the insulator becomes a crucial step in
device fabrication. However, the exact origin of hysteresis in
OFETs is not yet fully established.

In this paper we report on solution-processed top-contact
n-channel OFETs with organic dielectric materials. Spin-
coated organic dielectrics are prepared with a very smooth
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surface topology. Hence semiconducting films grown on top
of the organic dielectric materials have a sharp interface re-
sulting in electron mobilities as high as 0.2 cm2/Vs in de-
vices. The mobility of the devices scales with the dielectric
constant of the gate dielectric. Depending on the choice of
the dielectric, transistor performances with and without hys-
teresis are observed. The hysteresis is found to be strongly
temperature dependent.

II. DEVICE FABRICATION

In this study, we have chosen three different dielectrics,
viz., divinyltetramethyldisiloxane-bissbenzocyclobutaned
sBCBd, also known as “Cyclotene™”sDow Chemicalsd, and
two polyvinyl alcoholssPVAd sMowiol® 40-88 and Fluka
Chemicalsd. f6,6g-phenyl C61-butyric acid methyl ester
sPCBMd has been chosen as ann-type soluble organic
semiconductor.22 The molecular structures of the dielectrics
and the organic semiconductor are shown in Figs. 1sad–1scd.
For comparison we have chosen two types of metals, Cr and
LiF/Al, for the source-drain electrodes. A scheme of the de-
vice geometry is presented in Fig. 1sdd. The device is fabri-
cated on top of the ITO/glass substrate.

BCB was used as received from Dow Chemicals. BCB
was spin coated at 1500 rpm from a 30% molar solution in
mesitylene, yielding films with a thickness of 2mm. After
spincoating the BCB was thermally cross-linked for 30 min
at 250 °C in an Ar atmosphere. Previous studies showed that
BCB is an excellent dielectric material with a nearly
temperature-independent thermal-expansion coefficient.29 A
150 nm PCBM semiconducting layer was obtained by spin
coating in an argon atmospheresArd inside the glove box
from a 3 wt %ratio chlorobenzene solution filtered with a
0.2-mm filter. The top source-drain electrodes,
LiF/Al s0.6/60 nmd and Crs20 nmd, were evaporated under

vacuum s3310−6 mbarsd through a shadow mask. Hence-
forth these devices are referred as device-ILiF/Al and device-
ICr, with LiF/Al and Cr source-drain electrode, respectively.

Polyvinyl alcoholsPVAd sMowiol® 40-88d, with an av-
erage mol wt of 120,000sSigma-Aldrichd, was spin coated at
1500 rpm from a 10% H20 solution giving a thickness of
around 3.8mm. The rest of the device-fabrication procedure
is identical to that described above for the BCB dielectric.
We refer to these devices as device-IILiF/Al and device-IICr.
PVA with an average mol wt of 100,000sFluka Chemicalsd
was used as a soluble gate electret. This PVA presumably
contains a large number of mobile ions. Details of the device
fabrication were described previously.22 We refer to this de-
vice as device-III. Cr as a source-drain electrode was chosen
because Cr does not significantly diffuse into the organic
semiconductor layer. Similarly, LiF/Al was chosen since it is
well known to form ohmic contacts with PCBM.30,31 The
electrical characterization of the devices was carried out in
an Argon environment inside a glove box. Keithley 236 and
Keithley 2400 instruments were employed for the steady-
state measurements. For the temperature-dependent studies,
the devices were transferred to a He-flow cryostatsCryo In-
dustriesd using Lakeshore 331 as temperature controller
without exposing the OFETs to air. The surface morphology
and thickness of the dielectrics and the PCBM films on top
of the dielectric materials were measured with a Digital In-
strument 3100 atomic force microscopy and a DekTak Stylus
profilometer.

III. RESULTS

As described above, then-channel OFETs are based on
the materials shown in Figs. 1sad–1scd. Fig. 1sdd shows a
scheme of our top-contact OFETs. The channel lengthL of
the device is 60–70mm and the channel width isW
=1.4 mm, giving aW/L ratio of 230. For better comparison
four source-drain electrodes with different metals are evapo-
rated on the same substrate. From the thickness of the dielec-
tric and the capacitance per unit areaC, the dielectric con-
stant « was obtained for all our devices. The results are
summarized in Table I.

The film morphology of the three dielectrics is different,
as revealed from atomic force microscopysAFMd investiga-
tions shown in Figs. 2sad, 2scd, and 2sed. However, the sur-
face roughness is only around 3.5 nm for all dielectrics em-
ployed. The Fluka PVA provided the smoothest surface
among the dielectrics used in this study. A possible reason
for the smoothness is the lyophilization and filtering of the
Fluka PVA solution. In addition, filtered PCBM solutions
also yielded very smooth films. Therefore very flat interfaces
have been achieved favorable for the formation of highly
conductive layers at the interface of the dielectric/PCBM. As
shown in Figs. 2sbd, 2sdd, and 2sfd, smooth PCBM films were
also obtained with very good PCBM/metal interfaces.

The sIds-Vdsd plots for the device-ILiF/Al and device-
II LiF/Al OFETs are shown in Figs. 3sad and 3sbd, respectively.
With the same device dimensions, largely differentIds values
are obtained for the two devices. Hence we applied different
gate voltagesVgs to observe sizableIds values s60 V to

FIG. 1. Chemical structures ofsad divinyltetramethyldisiloxane-
bissbenzocyclobutened sBCBd, sbd polyvinyl alcohol sPVAd, scd methanof-
ullerenef6,6g-phenyl C61-butyric acid methyl estersPCBMd, andsdd scheme
of the top-contact OFET.
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device-ILiF/Al and 20 V to device-IILiF/Al d. Both devices fea-
ture rather high negative thresholdn-channel FET in the
electron accumulation mode with an applied positiveVgs and
in the electron depletion mode with increasing negativeVgs.
A saturated curve is obtained even atVgs=0 V. A possible
reason for such a feature is attributed to the presence of
interface traps. The interface traps, rather than the doping of
the semiconductor, are responsible for these effects. The
presence of trap levels in the semiconductor lowers the con-
ductivity of the material.32 The “high negative threshold volt-
age” behavior is not related to the thickness of the dielectric.
It should also be noted that these observations are in favor of

the formation of highly conducting channels at the interface
between the polymeric dielectric and the organic
semiconductor.16–18 Devices with Si-SiO2 substrates treated
with n-octadecyltrichlorosilanesOTSd were also found to be
with high positive threshold.12,13,33The present results show
a completely different transistor performance with the same
semiconductor by choosing different organic dielectricssFig.
3d. Devices with BCB sdevice-ILiF/Al d show a very clear
pinch-off voltagesVdsùVgsd. This also implies a constant
conductance under an appliedVgs. This kind of a transistor
characteristic is best suited to calculate the intrinsic mobility
m of the semiconductor with a constantIdssVds,Vgsd in the
saturated region using standard metal-oxide-semiconductor
field-effect transistorsMOSFETd theory.34 Devices with PVA
sMowiol® 40-88d sdevice-IILiF/Al d exhibit 102 times higher
current densities as compared to devices with BCBsdevice-
ILiF/Al d at the sameVgs. PVA sMowiol® 40-88d-based devices
give a nonidealIdssVdsd with less well-defined pinch-off. A
possible reason for such a characteristic is the presence of
interface charges at the PVAsMowiol® 40-88d/PCBM inter-
face which lower the activation energy of free charge carriers
due to the shift of the quasi-fermi level.35,36As seen in Fig.
3sbd, IdssVdsd exhibits a lower differential resistance above
the pinch-off.

The dependence of the bulk currentsalso known as the
“off-current”d for the different dielectrics and source-drain
electrodes is revealed in the transfer characteristics shown in
Fig. 4sad. All the devices demonstrate a negligibly small hys-
teresis whenVgs is swept from −50 to +50 V and vice versa.
It should be noted that PVAsMowiol® 40-88d-based devices

TABLE I. Summary of the device parameters for PCBM OFETs with different dielectrics and source-drain
electrode materials. The values shown here are an average of at least ten different devices fabricated under
identical conditions.

Device Dielectric « CsnF/cm2d mcscm2 V−1 s−1d VtsVd SsV/decaded on/off ratio

Device-ILiF/Al BCB 2.6 1.2 0.07 2 8.4 1000
Device-ICr BCB 2.6 1.2 0.05 7 7.31 2000
Device-IILiF/Al Mowiol® 40-88 8 1.8 0.2 −20 9.51 1000
Device-IICr Mowiol® 40-88 8 1.8 0.1 −18 7.31 750
Device-IIIa PVAsFlukad 5 3 0.08 −14 7.45 3000

aTaken from Ref. 22.

FIG. 2. Tapping mode AFM images ofsad BCB layer on ITO/glass,sbd
PCBM film on top of the BCB/ITO/glass,scd PVA sMowiol® 40-88d layer
on ITO/glass,sdd PCBM film on top of the Mowiol® 40-88/ITO/glass,sed
PVA sFlukad layer on ITO/glass, andsfd PCBM film on top of the PVA
sFlukad/ITO/glass. All the images are taken with a height scale of 5 nm.

FIG. 3. sad and sbd Transistor characteristics of device-ILiF/Al and device-
II LiF/Al , respectively, for differentVgs. All the measurements were carried out
at room temperature. The data shown are taken in descendingVgs mode with
an integration time of 1 s by averaging 10 points in steps of 2 V.
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sdevice IILiF/Al -IICrd and BCB-based devicessdevice
ILiF/Al -ICrd have a hysteresis in different directions. Therefore
heating effects cannot be the origin of the observed hyster-
esis. Considering the difference of the two OFET devices
with PVA sMowiol® 40-88d and BCB as insulator, it is pro-
posed that interface traps are responsible for these effects.
Lowering of an order of magnitude in the off-current atVgs

=0 V is also observed when the LiF/Al source-drain elec-
trode is replaced with Cr. This may be due to the smaller rate
of diffusion of Cr into the organic semiconductor. All the
devices have a quadraticIds dependence onVgs as shown in
Fig. 4sbd. This allows us to calculate the mobilitym for all
the devices using Eq.s1d34

Ids=
mWC

2L
sVgs− Vtd2, s1d

whereVt is the threshold voltagesdefined as the gate-source
voltageVgs, where the free-charge carrier density equals the
trap densityd.32

As shown in the plot ofÎIds versusVgs, fFig. 4sbdg, the
slope for LiF/Al devices resulted in higher mobilitiesm as
compared to that for Cr. LiF is proposed to lower the barrier
for electron injection from Al to the lowest unoccupied mo-
lecular orbitalsLUMOd level of PCBM.30,31The lines in Fig.
4sbd are theoretical fits of the experimental data with Eq.s1d.
The theoretical curves fit well with the experimental curves,
suggesting a constant mobilitym as a function ofVgs in the
range of voltages investigated. Parameters calculated from
the devices are summarized in Table I. The data presented in
the table represents an average of at least 10 devices fabri-
cated under identical conditions. The subthreshold slopeS
which determines the sharp turn in the behavior of the tran-
sistor is given byS=dVgs/dslog Idsd.

34 Usual OFETs haveS
in the range of 0.1–10 V/decade.13,37 The present devices
exhibit anS in the range of 8–9 V/decade due to the large
thickness of the dielectricssee Table Id. In addition, we also
observed a sizableVds-dependentS snot shown hered. Analo-
gous to our findings, Scheinertet al.37 presented a systematic
study to clarify these peculiarities. Numerical simulations
have been carried out with a systematic variation of the rel-

evant material parameters and assuming the existence of in-
terface or bulk trap states. In their studies, Scheinertet al.
found that both the highS and its Vds dependence can be
explained by recharging of trap states either at the interface
or in the bulk of the semiconductor.

The highest obtained mobilitym is 0.2 cm2 V−1 s−1 from
PVA sMowiol® 40-88d-based devicessdevice IILiF/Al -IICrd,
and the lowest mobilitym obtained is 0.05 cm2 V−1 s−1 from
BCB-based devicessdevice ILiF/Al -ICrd. As shown in Table I,
m is found to correlate with the dielectric constant« of the
dielectric. Our measured electron mobilitym is more than
three orders higher than electron mobilities reported previ-
ously for PCBM-based OFETs with calciumsCad electrodes
and polys4-vinyl phenold sPVPd as a dielectric in a similar
device configuration.38 A better device performance was ob-
tained after sealing and storing the devices under ambient
conditions in their studies. A very recent study showed am-
bipolar transport in PCBM-based transistors with SiO2 as a
dielectric, having a specific device structure where the
source-drain electrode is ring type.39 Their studies yielded an
electron mobility m=10−2 cm2 V−1 s−1 at VG= +20 V. In
their studies, the device characteristics were found to be
strongly dependent on the annealing process and ambient
conditions following the PCBM deposition. In addition,Vt

was found to decrease from +25 V to,+2 V after anneal-
ing, while the measured electron mobilityincreased by more
than two orders of magnitude. It was concluded that high
vacuum, under which annealing was performed, was an es-
sential process condition in order to obtain a good perfor-
mance of their OFETs. It was observed that PCBM exhibits
poor wetting behavior on Si-SiO2 substrates resulting in
rather smooth films. Upon annealing for several hours the
PCBM films appear to be microcrystalline and rough. The
authors attributed this drastic effect to the doping of the
PCBM layer with ambient oxygen. The dopant sites act as
electron traps that lead to a reduction in the number of mo-
bile carriers and their mobility with a subsequent increase in
Vt. Contrary to their results, our study show no detectable
change in the device performance after annealing for 1 h at
120 °C in an inert argonsArd atmosphere inside the glove
box. To the best of our knowledge, this is the highest electron
mobility reported from a solution-processedn-type organic

FIG. 5. Transfer characteristics for device-III—a bistable memory element
with a strong temperature dependence of its the huge hysteresis. The arrows
indicate the sweep direction ofVgs. Each measurement was carried out with
an integration time of 1 s by averaging 10 points in steps of 2 V.

FIG. 4. sad Transfer characteristics forsid device-IILiF/Al , sii d device-IICr, siii d
device-ILiF/Al , and sivd device-ICr, demonstrating the different off-currents
and directions of the hysteresis. The arrows indicate the direction of theVgs

sweepsbd ÎIds versusVgs plots for the data taken from the descending curves
in Fig. 4sad along with a theoretical fit using Eq.s1d.
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semiconductors. We attribute this improvement in the device
performance to the optimized film surface roughness, which
provides a flat interface favorable forsid excellent wetting
properties of the organic dielectric substrate,sii d the forma-
tion of highly conductive layers at the interface between the
dielectric and PCBM,siii d smooth interfaces between PCBM
and the metal electrodes, andsivd optimized electron-
injection electrodes.

The origin of the hysteresis in the Fluka PVA electret
gate dielectric is investigated through temperature
sTd-dependent studies. As shown in Fig. 5, a very large hys-
teresis is observed under ambient conditions upon sweeping
Vgs, as indicated by arrows.22 The observed hysteresis is re-
duced upon cooling. Lowering the temperature, the process
of charge trapping and detrapping is proposed to be frozen
out, as usually observed in electrets. The nature of the
charges are presumably ionic charges in the Fluka PVA. The
activation energyEa for the mobility is calculated by em-
ploying the Arrhenius formulasm~ exp−DEa/kTd. The fit as
shown in Fig. 6 reveals an activation energy of 100 meV for
all the devices. The activation energyEa reported here is in
the same range to that found in PCBM diodes.30 Therefore
the activation energyEa presented here is presumed to be an
intrinsic property of the PCBM films independent of the kind
of experiment performed for measuringm.

IV. CONCLUSION

In conclusion, a detailed study of differentn-channel
OFETs based on PCBM, using various organic polymeric
dielectrics, is presented. The device performance strongly
depends on the choice of the dielectric. The inherent hyster-
esis in the transfer characteristics of these OFETs is strongly
determined by the polymeric dielectric. Temperature-
dependent studies show a freezing of the hysteresis, presum-
ably due to the freezing of the trapping and the detrapping of
charges at the interfaces. The mobilitiesm obtained in this
study is related to the dielectric constant« of the gate dielec-
tric.
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