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The fabrication and characterization of high-mobilitychannel organic field-effect transistors
(OFET) based on methanofulleref@ 6]-phenyl G;-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%v*s™. 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 elem@@5@merican Institute of
Physics[DOI: 10.1063/1.1895466

I. INTRODUCTION vices. Furthermore, insulating polymers are technically rel-
evant in OFETs since there is no more need of inorganic

Recently, organic-based electronics evolved with thin- . X . . :
film devices like displayé‘g sensoré electronic label&® materials, thereby allowing uniform production technologies
’ ' ’ with all organic layers in OFETSs.

ring oscillators’ and complementary integrated circuits. The OFETs with bol ic insulat te dielectri
basic structure of organic electronics is the organic field- - 1S WITh polymeric nsulators as gate die’ectric usu-
effect transistofOFET). A low-voltage-operated, pentacene- aIIy_ exhibit hysteresis in the transfer characteris{ssurce-
based OFET with a self-assembled monolayer as uItrathilqr"J"nh cu'rren';lds ahs ahfunct|oq of thﬁ gate voltagy. One
gate insulator was demonstrated with a mobility in the rangdn€chanism for the hysteresis is charge trapping and detrap-

of 1-1.5 cr?/Vs 2 To fabricate a complementary integrated PN at the interface betweep the insqlator and th_e semicon-
circuit, high-mobility p- and n-type materials are required. ductor. The concept of “floatmg—%ate—llke" effects in OFETs
However, very few organic semiconductors argype, with ~ Was first proposed by Katet al.== Among the commonly
acceptable electron mobilitié§.We have recently demon- UuSed organic-based dielectrics, Fl’°|yV'”y| alcoliBVA), is
stratedn-channel OFETs using hot wall epitaxy growr,C also known as a charge electf&’ The large hysteresis in
thin films with electron mobilities up to 1 cvs OFETs using PVA as dielectric layers have been utilized in a
The overall performance of an OFET critically dependshonvolatile organic  transistor memory elem&htOther

on the choice of the gate dielectfic:® Recently, polymeric  “ferroelectric-like” polymers, such as nylon poig-xylylene
insulators have been considered as gate dieledffids. adipamide P(MXD6)** and  polyvinylidenefluoride-
These polymeric material$) can be solution processe(,) trifluoroethylengP(VDF-TrFE),** were also employed in
give smooth films on transparent glass and also on plasti©@FET memories. On the other hand, OFETs with surface-
substrates,(iii) are suitable for opto-electronics such astreated inorganic dielectrics exhibit negative threshold volt-
photo-responsive OFETs due to their high optical transparage shifts(bias stressing effegtsassumed to be due to the
ency, (iv) can be thermally stable with a relatively small trapping of charges in less mobile states located in the
thermal expansion coefficient, arf#) can possess rather semiconductof>*® Metal-insulator-organic-semiconductor
high dielectric constants on the order of ‘f0'® Detailed ~ (MIS) structures exhibit a sizable hysteresis due to mobile
studies have shown that the first few monolayers of organitons or trap-forming interfacial chargé 2BEor all these rea-
semiconductors are highly ordered, allowing a high mobilitysons, the choice of the insulator becomes a crucial step in
of field-induced charge carriers when grown on top of poly-device fabrication. However, the exact origin of hysteresis in
meric dielectrics®*® a crucial advantage in field-effect de- OFETs is not yet fully established.

In this paper we report on solution-processed top-contact
dauthor to whom correspondence should be addressed; electronic maii-channel OFETs with organic dielectric materials. Spin-
birendra.singh@jku.at coated organic dielectrics are prepared with a very smooth
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vacuum (3x 10 mbarg through a shadow mask. Hence-
(b) forth these devices are referred as devigesl and device-
I, with LiF/Al and Cr source-drain electrode, respectively.
OH Polyvinyl alcohol(PVA) (Mowiol® 40-88), with an av-
/I:J\/L erage mol wt of 120,000Bigma-Aldrich, was spin coated at
n 1500 rpm from a 10% kD solution giving a thickness of
PVA around 3.8um. The rest of the device-fabrication procedure
is identical to that described above for the BCB dielectric.
(d) We refer to these devices as devicgeh, and device-l},.
PVA with an average mol wt of 100,00Fluka Chemicals
was used as a soluble gate electret. This PVA presumably
contains a large number of mobile ions. Details of the device
fabrication were described previoudiWe refer to this de-

Source Drain . . .
vice as device-lll. Cr as a source-drain electrode was chosen
because Cr does not significantly diffuse into the organic
Semiconductor semiconductor layer. Similarly, LiF/Al was chosen since it is
'i‘:(':“m well known to form ohmic contacts with PCBRI:*! The
electrical characterization of the devices was carried out in
glass an Argon environment inside a glove box. Keithley 236 and

Keithley 2400 instruments were employed for the steady-

FIG. 1. Chemical structures of(a) divinyltetramethyldisiloxane- ~State measurements. For the temperature-dependent studies,

bis(benzocyclobutene(BCB), (b) polyvinyl alcohol (PVA), (c) methanof-  the devices were transferred to a He-flow cryos@iyo In-

ullerene[6,6]-phenyl G;-butyric acid methyl estePCBM), and(d) scheme dustrie$ using Lakeshore 331 as temperature controller

of the top-contact OFET. without exposing the OFETs to air. The surface morphology
and thickness of the dielectrics and the PCBM films on top

surface topology. Hence semiconducting films grown on topyf the dielectric materials were measured with a Digital In-

sulting in electron mobilities as high as 0.2 @is in de- profilometer.

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 hysdll. RESULTS
teresis are observed. The hysteresis is found to be strongly

temperature dependent, As described above, thechannel OFETs are based on

the materials shown in Figs.(d-1(c). Fig. 1(d) shows a
scheme of our top-contact OFETs. The channel lehgtf
the device is 60—-7@m and the channel width iV

In this study, we have chosen three different dielectrics=1.4 mm, giving aW/L ratio of 230. For better comparison
viz., divinyltetramethyldisiloxane-bibenzocyclobutane four source-drain electrodes with different metals are evapo-
(BCB), also known as “Cyclotene™Dow Chemicalg and  rated on the same substrate. From the thickness of the dielec-
two polyvinyl alcohols(PVA) (Mowiol® 40-88 and Fluka tric and the capacitance per unit ar€athe dielectric con-
Chemical$. [6,6]-phenyl Gy-butyric acid methyl ester stante was obtained for all our devices. The results are
(PCBM) has been chosen as amtype soluble organic summarized in Table I.
semiconductof’ The molecular structures of the dielectrics The film morphology of the three dielectrics is different,
and the organic semiconductor are shown in Figa)-1(c). as revealed from atomic force microsco@FM) investiga-
For comparison we have chosen two types of metals, Cr antions shown in Figs. @), 2(c), and Ze). However, the sur-
LiF/Al, for the source-drain electrodes. A scheme of the deface roughness is only around 3.5 nm for all dielectrics em-
vice geometry is presented in Fig(dL The device is fabri- ployed. The Fluka PVA provided the smoothest surface
cated on top of the ITO/glass substrate. among the dielectrics used in this study. A possible reason

BCB was used as received from Dow Chemicals. BCBfor the smoothness is the lyophilization and filtering of the
was spin coated at 1500 rpm from a 30% molar solution inFluka PVA solution. In addition, filtered PCBM solutions
mesitylene, yielding films with a thickness of@m. After  also yielded very smooth films. Therefore very flat interfaces
spincoating the BCB was thermally cross-linked for 30 minhave been achieved favorable for the formation of highly
at 250 °C in an Ar atmosphere. Previous studies showed thabnductive layers at the interface of the dielectric/PCBM. As
BCB is an excellent dielectric material with a nearly shown in Figs. &), 2(d), and Zf), smooth PCBM films were
temperature-independent thermal-expansion coeffiélept.  also obtained with very good PCBM/metal interfaces.
150 nm PCBM semiconducting layer was obtained by spin  The (l4¢Vy) plots for the devicerlr, and device-
coating in an argon atmosphefAr) inside the glove box Il ;. OFETSs are shown in Figs(® and 3b), respectively.
from a 3 wt %ratio chlorobenzene solution filtered with a With the same device dimensions, largely differegivalues
0.2-um filter. The top source-drain electrodes, are obtained for the two devices. Hence we applied different
LiF/AI(0.6/60 nm and Cr(20 nm), were evaporated under gate voltagesVys to observe sizabldys values (60 V to

Il. DEVICE FABRICATION
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TABLE |. 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 e C(nFlem?) pudecm?V™is?t) V(V) S(V/decade on/off ratio
Device-Lpa BCB 2.6 1.2 0.07 2 8.4 1000
Device-k, BCB 2.6 1.2 0.05 7 7.31 2000
Device-lj g,y  Mowiol® 40-88 8 1.8 0.2 -20 9.51 1000
Device-lls, Mowiol® 40-88 8 1.8 0.1 -18 7.31 750
Device-lII? PVA(Fluka) 5 3 0.08 -14 7.45 3000

*Taken from Ref. 22.

device-|ja and 20 V to device-|lg ). Both devices fea-
ture rather high negative threshofdchannel FET in the
electron accumulation mode with an applied posi¥ygand
in the electron depletion mode with increasing negatiye
A saturated curve is obtained even\4=0 V. A possible

the formation of highly conducting channels at the interface
between the polymeric dielectric and the organic
semiconductot® 8 Devices with Si-SiQ substrates treated
with n-octadecyltrichlorosilan€éOTS) were also found to be
with high positive threshol#**>3*The present results show

reason for such a feature is attributed to the presence @& completely different transistor performance with the same
interface traps. The interface traps, rather than the doping afemiconductor by choosing different organic dielect(feig).

the semiconductor, are responsible for these effects. The). Devices with BCB (device-|;r;s) Show a very clear
presence of trap levels in the semiconductor lowers the corpinch-off voltage (Vgs= V). This also implies a constant
ductivity of the materiaf? The “high negative threshold volt- conductance under an appli&f}s This kind of a transistor
age” behavior is not related to the thickness of the dielectriccharacteristic is best suited to calculate the intrinsic mobility
It should also be noted that these observations are in favor gf of the semiconductor with a constah(Vys, V4 in the

1.00 1.00

0 0

0 um 1.00 0 um 1.00
1.00 1.00

.0 0

0 um 1.00 0 um 1.00
1.00

0

1.00

FIG. 2. Tapping mode AFM images @&) BCB layer on ITO/glass(b)
PCBM film on top of the BCB/ITO/glasgc) PVA (Mowiol® 40-88) layer
on ITO/glass,(d) PCBM film on top of the Mowiol® 40-88/ITO/glasse)
PVA (Fluka) layer on ITO/glass, andf) PCBM film on top of the PVA
(Fluka)/ITO/glass. All the images are taken with a height scale of 5 nm.

saturated region using standard metal-oxide-semiconductor
field-effect transistotMOSFET) theory.34 Devices with PVA
(Mowiol® 40-88) (device-l| ;) exhibit 1F times higher
current densities as compared to devices with B@&vice-
ILig/ar) at the sam&/y PVA (Mowiol® 40-88)-based devices
give a nonideal 4 V49 with less well-defined pinch-off. A
possible reason for such a characteristic is the presence of
interface charges at the P\(Mowiol® 40-88)/PCBM inter-

face which lower the activation energy of free charge carriers
due to the shift of the quasi-fermi lev&1*® As seen in Fig.
3(b), 14{Vq9 exhibits a lower differential resistance above
the pinch-off.

The dependence of the bulk currdatso known as the
“off-current”) for the different dielectrics and source-drain
electrodes is revealed in the transfer characteristics shown in
Fig. 4(a). All the devices demonstrate a negligibly small hys-
teresis wherVy is swept from -50 to +50 V and vice versa.

It should be noted that PVAMowiol® 40-88)-based devices

0.6 30

(a) Vgs = (b) vgs =20
0.5 254
15
0.4 201
—_ — 10
2 03] S 15
0.2+ 104
v 0
-5
0.1 J
s 10
< -
0.0 e 8 E—"—
0 25 50 75 100 0 25 50 75 100
V. M v, M

FIG. 3. (a) and (b) Transistor characteristics of devicgely and device-

Il e/, respectively, for differenVys All the measurements were carried out
at room temperature. The data shown are taken in descewglingode with
an integration time ol s by averaging 10 points in steps of 2 V.
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FIG. 5. Transfer characteristics for device-Ill—a bistable memory element
FIG. 4. (a) Transfer characteristics f¢p) device-I| g, (ii) device-lk,, (iii) with a strong temperature dependence of its the huge hysteresis. The arrows
device-|;ra, and (iv) device-k,, demonstrating the different off-currents indicate the sweep direction &, Each measurement was carried out with
and directions of the hysteresis. The arrows indicate the direction ofthe ~an integration time 1 s by averaging 10 points in steps of 2 V.
sweep(b) |l versusVy plots for the data taken from the descending curves
in Fig. 4@ along with a theoretical fit using Eq1).

evant material parameters and assuming the existence of in-
terface or bulk trap states. In their studies, Scheiréral.

(device Iljga-llc) and BCB-based devices(device ; ;
ILiea-lcp) have a hysteresis in different directions. Thereforefound that both the higl$ and its Vs dependence can be

heating effects cannot be the origin of the observed hyster(gxplained by recharging of trap states either at the interface

is. e he diff f th FET .. Or in the bulk of the semiconductor.
esis. Considering the difference of the two O devices The highest obtained mobility. is 0.2 cn? V-1 s from

with PVA (Mowiol® 40-88) and BCB as insulator, it is pro- ) . .
posed that interface traps are responsible for these effectg.vg‘t:]M?W'O@i 40§ﬁz-basti d de(;”.ce(f%eSV'C:NlHF’é'l'][l o,
Lowering of an order of magnitude in the off-current\af and the fowest mobiiity. obtained 1s ©.Us ¢ s _rom

=0 V is also observed when the LiF/Al source-drain elec-BCB'based device@levice Liga-lcy). As shown in Table |,

trode is replaced with Cr. This may be due to the smaller rat%l’“. IIS f?gnd(;o correlate V(\j”thl thte d|electt:!|g cpnstanofttrre
of diffusion of Cr into the organic semiconductor. All the lelectric. Our measured electron mobilify is more than

; - three orders higher than electron mobilities reported previ-
devices have a quadratig; dependence oW, as shown in . .
Fig. 4(b). This allows us to calculate the mobilify for all ously for PCBM-based OFETs with calciu(@a) electrodes

the devices using Eq1)** and_ pol3(4-\{inyl p_hegm} (PVP) as a dielectric in a similar
device conflguratloﬁ. 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 SE3 a
whereV, is the threshold voltag&efined as the gate-source dielectric, having a specific device structure where the
voltageV,y, Where the free-charge carrier density equals thesource-drain electrode is ring tyﬁ%Their studies yielded an
trap density.*? electron mobility x=102cm?V-1s?t at Vg=+20 V. In

As shown in the plot of/l4s versusVgy [Fig. 4b)], the  their studies, the device characteristics were found to be
slope for LiF/Al devices resulted in higher mobilitigsas  strongly dependent on the annealing process and ambient
compared to that for Cr. LiF is proposed to lower the barrierconditions following the PCBM deposition. In additio¥,
for electron injection from Al to the lowest unoccupied mo- was found to decrease from +25 V t0+2 V after anneal-
lecular orbital(LUMO) level of PCBM3*3!The lines in Fig.  ing, while the measured electron mobilityincreased by more
4(b) are theoretical fits of the experimental data with Blg.  than two orders of magnitude. It was concluded that high
The theoretical curves fit well with the experimental curves,vacuum, under which annealing was performed, was an es-
suggesting a constant mobiliy as a function oV in the  sential process condition in order to obtain a good perfor-
range of voltages investigated. Parameters calculated frommance of their OFETSs. It was observed that PCBM exhibits
the devices are summarized in Table |. The data presented poor wetting behavior on Si-SiOsubstrates resulting in
the table represents an average of at least 10 devices fabrather smooth films. Upon annealing for several hours the
cated under identical conditions. The subthreshold s®pe PCBM films appear to be microcrystalline and rough. The
which determines the sharp turn in the behavior of the tranauthors attributed this drastic effect to the doping of the
sistor is given byS=dV,¢/d(log I4).>* Usual OFETs havé  PCBM layer with ambient oxygen. The dopant sites act as
in the range of 0.1-10 V/decad®&®’ The present devices electron traps that lead to a reduction in the number of mo-
exhibit anS in the range of 8-9 V/decade due to the largebile carriers and their mobility with a subsequent increase in
thickness of the dielectritsee Table)l In addition, we also V,. Contrary to their results, our study show no detectable
observed a sizab,-dependens (not shown herge Analo-  change in the device performance after annealimglfd at
gous to our findings, Scheinest al®’ presented a systematic 120 °C in an inert argortAr) atmosphere inside the glove
study to clarify these peculiarities. Numerical simulationsbox. To the best of our knowledge, this is the highest electron
have been carried out with a systematic variation of the relmobility reported from a solution-processeaetype organic

uWC
lgs= T(Vgs_vt)za (1)
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