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’ INTRODUCTION

Organic field-effect transistor (OFET) is an intensively pursued
subject because it would play a key role in the promising era of
organic and particularly flexible electronics.1 A major goal in the
development of OFETs is to achieve higher carrier mobility, so that
higher current output can be obtained to drive other components in
an organic electronic device. While theories and models have been
developed to correlate the mobility for molecular materials with
parameters such as reorganization energy for themolecule itself and
electronic couplings between neighboringmolecules,2 it takesmore
than the material itself to achieve a high mobility. It is generally
accepted that charge conduction in an organic thin film transistor
takes place through the veryfirst several layers ofmolecules near the
organic semiconductor/gate dielectric interface.3 The structure and
property of this interface thus very much influence the charge
transport behavior through the conducting channel nearby. There
are many studies on the effect of structure of the gate dielectric on
the mobility of a molecular film.4 Materials of different capacitance
have been used in the organic FETs to reduce the gate bias required
to turn on the transistors.5 Silicon dioxide (SiO2) is frequently used
as the gate dielectric because of its direct association with semi-
conductor silicon and the direct accessibility from silicon, although
OFETsprepared on bare SiO2 suffer from several problems. Rather
thick layer (300 nm) is needed to prevent charge leakage between
the gate electrode and source/drain. This would increase the bias
voltage required to operate the device. It is also well-known that
the bare SiO2 surface contains abundant hydroxyl groups, which
can trap charges in the channel or introduce additional charges

(residual carriers) into the channel.6 Hydrophobation of the SiO2

surface by hexamethyldisilazane (HMDS) or alkylsilanemonolayer
is a known and frequently used strategy to improve the mobility of
many organic semiconductor films during transistor fabrication.7

Modification of the surface with a polar or nonpolarmonolayer also
exerts different effects on the charge transport due to different
interactions between the charge carriers and the dipoles,8 so that
the fluorinated monolayer is reported to enhance mobility and the
amino-functionalized monolayer decreases the mobility. Yet there
are also contradictory reports on the effect of the fluorinated
surface,9 so that the origin of the improvement is still unclear.
Furthermore, we recently reported that rubbing of a monolayer
adsorbed on the dielectric layer much increased the grain size of
deposited pentacene films and improved the mobility.10 Reduced
number of nucleation sites on the substrate after rubbing is
suggested to contribute to the growth of larger grains.

However, the origin of the impact of surface modification on
the carrier mobility can be complicated. Any surface modification
brings about changes not only in the local electric field which
affects the charge transport but also in the number of trapp-
ing sites at the interface. Furthermore, there can be changes in the
contacting interaction between the surface and the organic
semiconductor, as well as changes in the surface roughness.
These will manifest their effect in the film morphology (that is,
crystallinity, grain sizes, as well as packing orientation), which
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also plays a decisive role in the carrier mobility measured.11 A
separation of the parameters would facilitate the understanding of
transport behavior and aid the design and fabrication of a device for
higher mobility. In this regard, transistors made of organic single
crystals free from morphology variations and intrinsic defects12

are an ideal tool to probe the effect of interfacial structure on the
carrier transport property. Very few reports are known on the
effect of surface modification on single-crystal transistor devices.13

In this work, we used 2,3-dimethylpentacene (DMPT) single
crystals as the conducting channel to fabricate bottom-gate/top-
contact transistors on the Si/SiO2 surface. While thin film
transistors based on DMPT can be prepared,14 this compound
is particularly suitable for single-crystal field-effect transistors
(SCFETs) than pentacene crystals because very thin plate-like
single crystals can be prepared and good contact between
the crystal and the dielectric surface can be reached. Various
self-assembled monolayers with different chain lengths/polar or
nonpolar terminal functional groups were used to systematically
change the interfacial structure and property. These include n-
octadecyltrichlorosilane (ODTS), n-nonyltrichlorosilane (NTS),
hexamethyldisilazane (HMDS), 1H,1H,2H,2H-perfluorodecyl-
trichlorosilane (FDTS), 7-octenyltrichlorosilane (OCTS), 11-
cyanoundecyltrichlorosilane (CUTS), and 12-aminododecyltri-
chlorosilane (ADTS). These are introduced as a buffer layer
between the gate dielectric and the thin DMPT single crystal.
The SAM-modified substrates were also prerubbed with a
flannelette cloth before the DMPT single crystal was laid down
for device fabrication. Furthermore, mixed monolayers with
different alkyl chain lengths were used to create a “molecularly
rough surface” as the substrate for device fabrication. The results
show that the nonpolar, methyl-terminated, SAM-modified sub-
strates gave higher mobility than the polar SAM-modified ones,
whether it is a donor type or an acceptor type functional group.
Rubbing of the SAM-modified surface always improves the
mobility. It is suggested that the molecular scale smoothness
and homogeneity of the surface potential created by the SAM
contribute to the mobility change.

’EXPERIMENTAL SECTION

Materials. 2,3-Dimethylpentacene (DMPT) was prepared by modify-
ing literature procedures.14 The product was purified by multiple sublima-
tions in a gradient temperature furnace and fully characterized by NMR
andmass spectrometry. HMDS, ODTS, FDTS, and OCTS were obtained
commercially. NTS and CUTS were synthesized in the laboratory follow-
ing standard procedures and fully characterized by NMR. n-Doped silicon
wafers with a 300 nm thermally grown oxide layer were obtained from
Siltronix (France).
Single-Crystal Growth. Dark-blue, plate-like DMPT single crystals

were grown by the physical vapor transportmethod15 using ultra pure argon
as the carrier gas. The crystal size depends on the gas flow rate, temperature,
and time.Thinner crystal with a smooth surface is the prerequisite for strong
adhesion to the insulator surface in the bottom-gate device configuration.
Very thin (0.4�5 μm) and plate-like crystals (Figure 1) were obtained by
growing at 310 �Cwith an argon flow rate of 50 cm3/min. It is noted that the
DMPT single crystals are flexible and can be bent easily.
Preparation of Self-Assembled Monolayers. Heavily n-doped

silicon substrates with a 300 nm thermally grown SiO2 layer were cleaned
in Piranha solution (H2SO4/H2O2 = 4:1) at 90 �C for 1 h and then
thoroughlywashedwith deionized (DI) water, followed by ultrasonicating
in DI water for 5 min and washing with fresh DI water again. Finally, the
substrates were dried by a stream of nitrogen. The cleaned substrates were
immersed in 1�10 mM solution of different functional trichlorosilanes in

dry toluene for 3�5 min at ambient conditions (for ODTS, NTS) or in a
drybox (for FDTS, CUTS, and OCTS) to form a SAM on the SiO2

insulator surface. Subsequently, the substrates were removed from the
solution and rinsed with toluene, followed by 5 min ultrasonication in dry
toluene and dried by a nitrogen flow. Mixed solutions of ODTS (C18)
and NTS (C9) were prepared in dry toluene with different ratios (NTS/
ODTS= 1:0.1, 1:0.33, and 1:1) tomodify the substrate withmixed SAMs.
To prepare the HMDS-modified silicon wafer, the substrate was im-
mersed in 2.5%HMDS solution in dry toluene for 24 h.16 ADTS-modified
silicon substrate was prepared by reducing CUTS-modified substrate with
lithium aluminum hydride (LAH). Thus the CUTS-treated substrates
were dipped in a 10% solution of LAH in dry tetrahydrofuran (THF)
for 3 h. The substrates were then removed from the solution and rinsed
with DI water and sonicated in THF for 5 min and dried by a nitrogen
flow. The obtained surface is designated as an ADTS-modified substrate.
To eliminate the possible particle formation/presence on the surface, all of
the SAM-modified substrates were first rubbed unidirectionally with a
flannelette cloth.10 These samples were designated as Si/SiO2/r-SAM.
The rubbed substrates were then sent back to the pure toluene bath and
sonicated for 3 min. This step served to remove any possible orientation
order introduced by the rubbing procedure. These samples were desig-
nated as unrubbed Si/SiO2/SAM. The surfaces of these samples were free
of particles when examined under an opticalmicroscope. The structures of
the SAM-forming molecules and devices are shown in Figure 2.
Device Fabrication. DMPT single-crystal devices were fabricated

in the bottom-gate/top-contact geometry in order to minimize contact
resistance.17 DMPT crystals with a thickness of 0.4�2.5 μmwere found
to have good adhesion to the substrate surface, where there were no air
bubbles observed between the crystal and the substrate. The crystals
were cut into smaller pieces to fit the experiments. The direction along
the break line is lined up with the rubbing direction. The crystals were
also rotated 90� to measure the direction dependence, and the results
were within the same range reported below. Thus no clear anisotropy
was suggested. DMPT single-crystal devices were fabricated on both
unrubbed and rubbed substrates for each SAM-forming molecule.
Devices with bare Si/SiO2 substrates were also fabricated as a reference.
After DMPT single crystals were laminated on the substrate surface,
60 nm thick Au source�drain electrodes were deposited on the crystal
surface through a shadow mask to complete the top-contact FETs.
The device channel length (L) was 50 μm, and the width (W) varied
depending on the crystals chosen. Typically, 10 devices were made in
each type of substrate.

’RESULTS AND DISCUSSION

FET Characterization. The DMPT single-crystal FETs were
measured at ambient conditions in a dark chamber using a

Figure 1. Digital image of a 2,3-dimethylpentacene single crystal.
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computer-controlled Agilent HP4156 semiconductor parameter
analyzer. The FETs were operated in the accumulation mode
by applying a negative gate bias. The source electrode was
grounded, and the drain electrode was negatively biased between
0 and�80 V. Figure 3 shows typical output characteristics (Id vs
Vg curve) of the devices on the unrubbed monolayer surface of
Si/SiO2/ODTS and Si/SiO2/FDTS and on the rubbed mono-
layer surface of Si/SiO2/r-ODTS and Si/SiO2/r-FDTS sub-
strates. The output characteristics for other SAM-modified
substrates, rubbed or unrubbed, are shown in Supporting In-
formation (Figures S1 and S2). Transfer characteristics of all
FETs are shown in Figure 4. The charge carrier mobility is
calculated in the saturation regime using the following equation.

Id ¼ W
2L

CiμðVg � VthÞ2 ð1Þ

where Ci is the capacitance per unit area of the gate dielectric,
μ is the carrier mobility, and Vth is the threshold voltage. The
calculatedmobilities and on/off ratios are summarized in Table 1.
The data are analyzed as follows.
Effect of Rubbing.The output characteristics of DMPTSCFETs

in Figure 3 show that higher currents were obtained for devices
on rubbed ODTS-modified substrates than on unrubbed ODTS-
modified substrate. This is true for FDTS-modified substrate as well
as all other SAM-modified substrates. That is, prerubbing of the SAM
surface will, in general, lead to higher currents. The mobility also
increases by a factor of 2�4, except for theHMDS-modified surface,
where the mobility stayed similar whether the surface had been
rubbed or not. The threshold voltage nevertheless has different shifts
with rubbing depending on the monolayer used. For nonpolar
monolayers, such asODTS-, NTS-, andHMDS-modified substrates,
the threshold voltage shifts positively, frommore negative voltages to
less negative voltages or positive voltages. For polarmonolayers, such
as FDTS-, CUTS-, and ADTS-modified substrates, the threshold
voltage shifts negatively, from more positive voltages to less positive
voltages. In previous work,10 it was shown that rubbing of the SAM-
modified surface resulted in larger grains of higher crystallinity of
pentacene films deposited on top. It was suggested that the SAM
is a multidomained monolayer with numerous grain boundaries
where the pentacene molecules can get trapped and start nucleation.

Rubbing in a specific direction smoothes the surface and reduces the
density of grain boundaries and reduces the number of nucleation
sites. The mobility increase can be due to larger crystalline grains.
However, in current cases, the single crystals were used so that there
were nomorphology differences in the semiconductor channels. Still
there were moderate increases in the mobility. One suggestion is
that the grain boundaries in the monolayer are trapping sites. The
trapped charges become scattering centers and retard the charge
transport. Upon rubbing, the surface monolayer becomes smoother,
with a reduced number of trapping sites so that the charge mobi-
lity increases. An alternative rationalization is that the multi-
domained organic monolayer is presenting molecular dipoles of
various orientations and thus a “rough” potential surface. Charge
carriers transporting along such a surface are slower than along a
smoother potential surface. It is noted that similar rationalization has
been proposed for several FETs where the rough insulator surface
hinders charge transport by charge traps or by transport barriers.18

For the shifts in threshold voltages, the rubbing reduces the
number of trap states in a SAM and shifts the Vth toward the zero
gate bias. Kang et al. also reported an increasing mobility and shift
in threshold voltage with rubbed polyimide versus an unrubbed
polyimide dielectric layer.19

Attempts to collect evidence of roughness difference in rubbed
and unrubbed SAMs by atomic force microscopy (AFM) were
not inconclusive, presumably the roughness is of molecular scale,
much lower than the dimension of the typical AFM tip used. We
nevertheless used mixed monolayers to support our assertion
that molecular roughness influences the mobility. Thus binary
mixed monolayers containing C18 ODTS and C9 NTS in
various ratios were used to modify the dielectric surface. These
mixed monolayers have been shown previously to be homo-
geneously mixed20 and thus molecularly rough compared to the
single-component monolayer. The SCFETs prepared on such
surfaces had mobilities about 50% of that on a single-component
monolayer-modified dielectric layer. (The output and transfer
characteristics are shown in Figures S3 and S4 in Supporting
Information.) All FETs on unrubbed mixed SAMs exhibited
almost the same mobilities (up to 0.22 cm2 V�1 s�1). Rubbing
improved the mobility but still less than that on a rubbed single-
component SAM surface. Rubbed mixed SAM FETs also have

Figure 2. (a) Molecular structure of organosilane molecules; (b) device structure of DMPT SCFETs on Si/SiO2/SAM and (c) on Si/SiO2/r-SAM.
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shown almost the same mobilities (up to 0.48 cm2 V�1 s�1)
(Table 2). More positive threshold voltages were observed for
devices on a mixed monolayer.
Effect of Chain Length. The ODTS-, NTS-, and HMDS-

modified surfaces are all nonpolar surfaces exposing methyl
groups at the substrate surfaces. They differ in the chain length
though. There were conflicting reports on the effect of chain
length on the device mobility.7,21�23 The quality of the SAM is
suggested to influence the thin film growth and morphology
obtained, which in turn affects the mobility. In current cases
where single crystals were used, no morphology issue was
involved. The ODTS-modified substrate gave a mobility (up to
0.57 cm2 V�1 s�1) similar to but slightly higher than that of the

NTS-modified substrate (up to 0.49 cm2 V�1 s�1). The HMDS-
modified substrate has a mobility similar to that of the NTS-
modified substrate (up to 0.46 cm2 V�1 s�1). Thus there is little
dependence on the chain length over the range of lengths tested
here. Rubbing of the SAM surface led to mobility increases for
ODTS- (up to 1.03 cm2 V�1 s�1) and NTS-modified substrate
(up to 0.80 cm2 V�1 s�1) but not for HMDS-modified substrate.
HMDS has only one carbon (trimethylsilyl group), and much
less conformational disorder is involved. With only one carbon
chain, the rubbing does not change the orientation of the
trimethylsilyl groups, which may contribute to the density of
grain boundaries and trapping sites in an alkylsilane SAM. This
may explain the invariance of mobility with rubbing.

Figure 3. Output characteristics of DMPT SCFETs on (a) Si/SiO2/ODTS, (b) Si/SiO2/r-ODTS, (c) Si/SiO2/FDTS, and (d) Si/SiO2/r-FDTS.

Figure 4. Transfer characteristics of DMPT SCFETs on unrubbed and rubbed nonpolar SAMs (a,b) and polar SAMs (c,d).
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Effect of Terminal Functional Group. In general, dielectric
surfaces modified with polar SAMs (FDTS, CUTS, and ADTS)
exhibited lower device mobility than those modified with non-
polar SAMs (ODTS, NTS, and HMDS), except for the one with
the vinyl-terminated OCTS SAM. For example, substrate modi-
fied with a fluorinated chain (FDTS) gave lower mobility
(0.11 to 0.18 cm2 V�1 s�1) than that modified with hydrocarbon
chain (0.49�0.57 cm2 V�1 s�1). A rather high threshold voltage
was observed (þ41 toþ65 V). This could be rationalized as the
induction of hole carriers at the interface by the highly electro-
negative fluorine atoms, and a rather large positive bias is needed
to turn off the device. Rubbing of the substrate increased the
mobility (0.38 to 0.63 cm2 V�1 s�1) but also reduced the
threshold voltage to the range of 18�30 V. It is noted that
pentacene thin film FETs on a FDTS-modified substrate ex-
hibited 6 times lower mobility than that on the ODTS-treated
substrate.9b However, morphology change was also involved in
those devices. A device modified with cyano-terminated alkylsi-
lane (CUTS) also gave a mobility (0.08�0.13 cm2 V�1 s�1)
lower than that of the alkylsilane-modified substrates. Like the
FDTS-modified substrate, a large and positive threshold voltage
was observed in the range of 31�56 V. FET mobilities increased
(up to 0.48 cm2 V�1 s�1) on rubbed substrates, and threshold
voltage was also reduced to the range of 26�39 V. For an amino-
terminated, silane-modified substrate, themobility was alsomuch
lower (0.03�0.08 cm2 V�1 s�1) than that of the alkylsilane-
modified substrate, and high threshold voltage was observed in
the range of 36�64 V. With the lone pair electron on the nitrogen

atom, the amino group can be a trapping site for hole carriers. The
device mobility increased (up to 0.37 cm2 V�1 s�1), and threshold
voltage shifted in the negative direction to the range of�4 to 18 V
if the surface was rubbed before device fabrication. Of particular
interest is the OCTS-modified substrate. The surface exposing
vinyl groups are considered to be a nonpolar surface as the methyl-
terminatedODTS surface. Yet themobility was low (up to 0.1 cm2

V�1 s�1) and the threshold voltage was high, in the range of
30�55 V.
Silane molecules with polar end functional groups tend to form

disordered SAMs on the insulator surface due to the repulsive
interactions between the terminal dipoles, and these SAMs may
create a rough surface potential profile, which is responsible for the
poor transport behavior. Huang et al. reported the FET perfor-
mance of a solution-deposited semiconductor on several fluori-
nated SAMs, including FDTS. The mobility is reduced on the
FDTS SAM, even though the FDTS SAM surface is highly
hydrophobic (water contact angle∼111�). The increasing rough-
ness in the SAM with increasing chain length of fluorinated
molecules was suggested to contribute to the deterioration of film
morphology and performance.9a A similar suggestion was made by
Park et al., who reported that pentacene FETs with the C60-NH2-
functionalized SAM exhibited low carrier mobility in comparison
with that of FETs on bare SiO2.

24 However, in their cases, the
morphology also changed with the surface modification.
The vinyl group at the terminal of the surface is not polar but

more electron-rich than the saturated methyl group. F8T2 FETs
with OCTS-treated substrate were shown to give carrier mobility
lower than that of FETs with the FDTS-treated substrate and
bare SiO2.

22 Collet et al. also reported that the vinyl-terminated
SAM is not completely organized, and they found the presence
of gauche defects.25 FETs with a rubbed OCTS substrate
exhibited a mobility (up to 0.41 cm2 V�1 s�1) higher than that
of the unrubbed one, and the threshold voltage also shifted in the
negative direction in the range of 20�32 V.

’CONCLUSION

In conclusion, we have used DMPT single crystals to investi-
gate the effect of dielectric surface modification on the FET device
performance. The effect of morphological differences upon modi-
fication in thin film cases can be excluded to simplify the correla-
tion. Various SAMswere used to systematically change the very top
surface structure and property, which drastically affects the FET
performance. The carrier mobility with unrubbed nonpolar SAM-
treated devices is 3�5 times higher compared to that of unrubbed
polar SAM-modified devices. SAMs with a polar end functional
group may give a disordered SAM and thus a rougher potential
surface, which hampers the carrier transport in the channel nearby.
The rubbing process in all case improves the carrier mobility by
2�4-fold, except for HMDS, which gave similar mobility on the
unrubbed substrate. Rubbing results in a smoother surface with
more homogeneous potential surface and/or reduces the amount
of trapping sites, both of which are advantageous for carrier
transport. In the case of a thin film device, the morphology factor
can further change the trend described here. Depending on the
surface modification, the interaction of deposited molecules with
the surface can be different and affect the diffusion/migration of the
molecules. On amodified surface where higher crystallinity films or
larger grains are obtained from vapor deposition, the mobility can
change in the positive direction, whereas the reverse is true for
poorer crystallinity and smaller grains.

Table 1. DMPT SCFET Performance on Various SAM-
Modified Dielectric Surfaces

SAM mobility (cm2 V�1 s�1) on/off ratio Vth (V)

SiO2 0.05�0.11 102�104 5�29

ODTS 0.38�0.57 102�104 �5�(�11)

r-ODTS 0.60�1.03 104�107 �2�8

NTS 0.25�0.49 103�105 �4�5

r-NTS 0.51�0.80 103�105 6�14

HMDS 0.23�0.46 103�106 11�36

r-HMDS 0.25�0.47 103�106 34�50

FDTS 0.11�0.18 10�102 41�65

r-FDTS 0.38�0.63 102�104 18�30

CUTS 0.08�0.13 102�103 31�56

r-CUTS 0.33�0.48 103�104 26�39

OCTS 0.06�0.10 102�103 30�55

r-OCTS 0.29�0.41 103�106 20�32

ADTS 0.03�0.08 102�103 36�64

r-ADTS 0.24�0.37 104�106 �4�18

Table 2. DMPT SCFET Performance on Mixed SAM-
Modified Dielectric Surfaces

mixed SAMs mobility (cm2 V�1 s�1) on/off ratio Vth (V)

NTS/ODTS (1:0.1) 0.08�0.22 102�104 10�18

r-NTS/ODTS (1:0.1) 0.21�0.39 103�106 20�34

NTS/ODTS (1:0.33) 0.12�0.21 103�104 16�20

r-NTS/ODTS (1:0.33) 0.21�0.48 103�107 21�32

NTS/ODTS (1:1) 0.11�0.22 102�104 9�15

r-NTS/ODTS (1:1) 0.22�0.48 103�104 16�27
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