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We demonstrated excellent performance improvement of bottom-contact pentacene-
based organic thin film transistors (OTFTs) fabricated at room-temperature with silver
electrodes modified by self-assembled monolayers (SAMs) of binary mixtures of n-alkane-
thiol (n-decanethiol, HDT) and the fluorinated analog (3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluoro-1-decanethiol, FDT). The OTFTs with modified silver (Ag) electrodes exhi-
bit carrier mobility of 0.21 cm2/V s, which is faster than most of bottom-contact pentacene-
based OTFTs fabricated at room-temperature with gold (Au) electrodes. The threshold volt-
age is reduced from �30 V of the devices with Au electrodes to �5.4 V of the devices with
modified Ag electrodes. The hole injection barrier is also reduced with modified Ag as indi-
cated by ultraviolet photoemission spectroscopy. The enhancement of the saturation cur-
rent and the mobility of the devices are due to both the reduction of hole injection barriers
and the continuous grain size of pentacene on top of electrodes and dielectrics.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Organic thin film transistors (OTFTs) have attracted
great attention due to their prominent advantages, such
as the potential for low-cost productions, easy fabrications,
flexibility with substrates, and low temperature processing
procedures [1–4]. Numerous electronic devices based on
the OTFT, such as driving circuits for organic light-emitting
diodes (OLEDs), radio frequency identification (RFID) tags,
and sensors were reported [5–7]. The bottom-contact
(BC) configuration of OTFT is suitable for integrated circuit
applications, because the photolithography method can be
applied in the fabrication process. For the top-contact (TC)
OTFT, organic semiconductor layers can be damaged dur-
ing the metal photolithography process. Thus, implement-
ing the bottom contact structure is important for device
fabrication and process integration. For this reason, a lot
. All rights reserved.
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of research efforts have been focusing on BC-OTFT to
achieve comparable performance as that of TC-OTFT.

In organic thin film transistors, the device performance
is not only dependent on the intrinsic electrical properties
of the organic semiconductors, but is also governed by the
interfaces between the electrodes and the organic semi-
conductors [8–11]. The crucial factor at the interface is
the injection barrier, which is determined by the energy
difference between the work function of electrodes and
the highest occupied molecular orbital (HOMO) level of
the organic semiconductors. Therefore, gold (Au) with a
relatively high work function of �5.1 eV, which matches
the HOMO energy level of most p-type organic semicon-
ductors, has been commonly applied as source/drain
(S/D) electrodes to lower the injection barrier [12–14].
However, due to the difficulty of etching and high cost
problem associated with Au, an alternative metal for S/D
electrodes is required. Silver (Ag) is one of the candidates,
which has the highest conductivity of all metals and lower
cost than gold. In addition, the work function of Ag also can
be tuned by self-assembled monolayers (SAMs) [15,16].
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The electrical performance of OTFTs with SAM-modified
Au electrodes has been reported [17–19]. Several works
has attributed that the reduction of injection barrier is a
major factor leading to the improved performance of OTFTs
[20–22]. Others reported that the improvement resulted
from the morphological effects of SAMs modified elec-
trodes [18,23].

However, the effect of SAM-modified Ag has not been
deeply investigated. In this report, we demonstrated the
bottom-contact organic thin film transistors with mixed
SAMs of n-alkanethiol (n-decanethiol, HDT) and its fluori-
nated analog (3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-hepta-
decafluoro-1-decanethiol, FDT) on silver electrodes,
which have the work function tuned to be comparable
with Au electrodes. The n-alkanethiol serves to decrease
the work function and the fluorinated thiol is known to in-
crease the work function of the substrates [17]. Varying the
composition of these two SAMs could tune the work func-
tion of silver to desirable values [16]. The pentacene TFTs
with SAM-modified Ag electrodes exhibited a good thresh-
old voltage lower to �5.4 V. Enhancements of electrical
characteristics, in both saturation current and carrier
mobility, were achieved. To in depth investigate the mech-
anisms of enhancements, the electronic structures and the
morphology of SAM-modified electrodes were also studied
via UV photoemission spectroscopy (UPS) and atomic force
microscopy (AFM).
Fig. 1. The work function, measured by photoelectron spectrometer, of
silver electrodes modified by various mole ratios of HDT and FDT SAMs.
2. Experimental

The pentacene thin films were deposited in our labora-
tory-designed thermal vacuum chamber equipped with
the in situ electrical characterization measurements. The
electrical measurements on the OTFT devices were per-
formed in situ under high vacuum condition to achieve a
precise threshold voltage (Vth), drain current, carrier
mobility (l), and on/off ratio.

The silver substrates were prepared by thermally evap-
orating 50 nm of silver on silicon wafer covered with a
thick layer (300 nm) of thermally grown SiO2. The Ag sub-
strates were immersed in a 1 mM ethanolic solution of
thiol mixtures consisting of FDT and HDT with 3:1 mol
ratio for 0.5 h [16]. The substrates were then rinsed with
acetone and dried with N2 flow before being transferred
into deposition chamber. FDT and HDT were purchased
from Aldrich. The bottom-contact devices were fabricated
with heavily doped silicon wafer with a 300 nm thick layer
of thermally grown SiO2 on top (Ci = 12 nF/cm2). The oxide
layer serves as the gate insulator and heavily doped silicon
substrates is the gate electrode. The Si wafer was ultrason-
ically cleaned in acetone and isopropanol for 10 min, and
then was etched in a piranha solution (70 vol.% H2SO4:30 -
vol.% H2O2) for 30 min, and finally rinsed in D.I. water. Be-
fore deposition of pentacene, silver and gold electrodes
(50 nm) were patterned through shadow masks at a rate
0.1 nm/s by thermal evaporation. Silver electrodes were
then immersed in a 1 mM ethanolic solution of binary
mixtures of thiols for 30 min. Pentacene films (50 nm)
were evaporated with a deposition rate of 0.03 nm/s on
the Au and Ag electrodes modified by SAMs in our
laboratory-designed in situ electrical measurement setup
with a base pressure around 8 � 10�6 [24]. The substrates
were kept at room temperature during pentacene
deposition.

The electrical measurements were performed by a
semiconductor parameter analyzer (Keithley 2636), with
electrical contacts to devices inside the vacuum chamber.
Photoemission experiments were performed in two inter-
connected ultrahigh-vacuum chambers, one for deposition
and one for spectroscopy analysis. The valence bands were
investigated via UPS with a He discharge lamp, which pro-
vides both He I (21.2 eV) and He II (40.8 eV) photon lines as
excitation sources. Morphological characterization was
carried out by AFM (noncontact mode; Park system XE-
100). The substrates were prepared exactly the same ways
as those for the transistors.

3. Results and discussion

The work function of silver electrodes can be tuned by
two SAMs (HDT and FDT) by varying the ratio of the mix-
tures. The work function of silver electrodes modified by
various mole ratios of SAMs (HDT and FDT) is shown in
Fig. 1. The measurement of work function was conducted
by photoelectron spectrometer (AC-2 from Riken Keiki).
The work function of silver was measured to be 4.26 eV.
As shown in Fig. 1, for single-component HDT modified
silver electrodes, the work function is about 4.3 eV; and
for single-component FDT modified silver electrodes, the
work function is about 6.0 eV. Using binary mixtures of
these two SAMs in various molar ratios, the work function
of silver electrodes can be tuned between 4.3 eV and
6.0 eV. Since the active layer of the TFT in this study has
the ionization energy of about 5.2 eV, FDT:HDT mixture
with 3:1 ratio was used to modify the Ag electrode in order
to align the Fermi level to the lowest unoccupied molecu-
lar orbital (LUMO) of pentacene.

The drain current–drain voltage characteristics of
pentacene TFT with bare gold electrodes, gold and silver
electrodes modified by mixtures SAMs are shown in
Fig. 2a–c, respectively. As the drain voltage (VD) increases,
the linear and saturation regions can be observed with
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Fig. 2. Drain current–drain voltage characteristics of pentacene-based
TFTs with (a) bare gold electrodes, (b) SAM-modified gold electrodes and
(c) SAM-modified silver electrodes.

Fig. 3. UPS spectra with incremental deposition of pentacene (a) on gold,
(b) on silver, and (c) on SAM-modified silver.
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none zero gate voltage (VG) applied to the transistors. Com-
paring Fig. 2a–c, when VG was applied, the devices with sil-
ver electrodes modified by FDT and HDT mixtures (the
molar ratio of FDT and HDT is 3–1) show better output
electrical characteristics as compared to the devices with
gold electrodes with or without SAM-modification. The
saturation current of devices with SAM-treated Ag elec-
trodes at VG = �80 V reached up to �135 lA, which is
two times larger than that with Au electrodes. The carrier
mobility at saturation region of devices with Au electrodes
is calculated to be 0.08 cm2/V s from the typical square law
of transistor [4,6]. The on–off ratio and threshold voltage is
approximately 104 and �18 V to �30 V, respectively. For
SAM-treated device, the carrier mobility at saturation re-
gion is about 0.21 cm2/V s, which is higher than that of
the devices with Au electrodes in this work (0.08 cm2/
V s) and also the similar devices reported from other
groups (0.06 cm2/V s) [24,25]. The on–off ratio and thresh-
old voltage is extracted to be 103 and �5.4 V, respectively.
The threshold voltage of devices with SAM-modified Ag
electrodes is substantially reduced as compared to that of
the reference devices with Au electrodes. This threshold
voltage shifts toward the positive value are due to the



Fig. 4. (a) The valence spectra, of pentacene on gold, silver, and SAM-modified silver, respectively. (b) The magnified spectra of (a), near the EF and HOMO.
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F� ions at the end of the FDT which induce the holes of
pentacene to accumulate at zero gate voltage. As a result,
with the negative gate voltage applied, the channel quickly
becomes conductive, resulting in the smaller threshold
voltage.

UPS with He I (21.2 eV) is used to provide the explicit
energy level alignments for metals and organic layers.
Fig. 3a–c shows the UPS (He I) spectra for pentacene on
the vacuum-deposited gold substrate, on the vacuum-
deposited silver substrate, and on the SAM-treated silver
substrate, respectively. All the binding energies are with
respect to the Fermi level in the spectra. The cut-off bind-
ing energy of secondary electrons at the left-hand side of
each figure corresponds to the position of the vacuum le-
vel. The right-hand side of each figure indicates the relative
energy position of the Fermi level (EF) for each substrate
and the highest occupied molecular orbital level (HOMO)
for pentacene. In Fig. 3a shows that the vacuum level
moves toward the higher binding energy by 0.6 eV as
pentacene is deposited on the gold substrate. The va-
lence-band features of gold are still clearly seen in the
UPS spectra with 0.5-nm pentacene deposited. As 5-nm
pentacene is deposited, the vacuum level shifts by as much
as 0.8 eV on the gold substrate and the HOMO of pentacene
is clearly observed. The HOMO level of pentacene is about
0.8 eV below the Fermi level as shown in Fig. 3a. Fig. 3b re-
veals the vacuum level shifts toward higher binding energy
by 0.4 eV as pentacene is deposited on the silver surface.
For the silver substrate, the edge of the HOMO of penta-
cene is 1.3 eV below the Fermi level, which is much larger
than that of the gold substrate. However, no obvious shift
of the vacuum level is observed on the SAM-modified silver
as shown in Fig. 3c. In addition, the valence-band features
Fig. 5. The energy band diagrams at the interfaces of (a) gold/penta
of silver are barely observed in the bottom spectrum of
Fig. 3c with the SAM-modified silver, indicating that the
silver surfaces are covered well by SAMs.

Fig. 4 combines the valence band spectra of pentacene
on these three substrates together for direct comparison.
With treatment of mixture-SAMs on silver, the hole injec-
tion barrier, i.e. the energy of the HOMO of pentacene
with respect to the Fermi level, is remarkably reduced
by 1.2 eV as compared to that on pure silver, and is also
lower by 0.7 eV as compared to that on gold. The band
diagrams, constructed from the valence band spectra, of
these three cases are shown in Fig. 5. The measured work
functions of gold, silver, and SAM-modified silver are
5.2 eV, 4.3 eV, and 5.1 eV, respectively. In addition, there
is little shift of the vacuum level at the interfaces of
pentacene/SAM-modified silver, but a vacuum level shift
of 0.8 eV on pentacene/gold and of 0.4 eV on pentacene/
silver is observed. The large vacuum level shift on gold
is typically observed at the initial stage of pentacene
deposition [14,26]. The shift of vacuum level is attributed
to the interface dipole between the gold and pentacene.
However, there is little interface dipole between SAM-
modified silver and pentacene, corresponding to minimal
shift of the vacuum level. The hole injection barrier is de-
fined as the energy difference of the Fermi level of the
substrate and the HOMO of pentacene. As shown in
Fig. 5 the hole injection barrier is 0.8 eV for pentacene
on gold, 1.3 eV for pentacene on silver, and 0.1 eV for
pentacene on SAM-modified silver.

Au with a work function of 5.2 eV, measured in this
work, is close to the HOMO level of pentacene (5.1–
5.2 eV). The SAM-modified Ag with the work function of
5.1 eV in this work, is also close to the HOMO level of
cene. (b) silver/pentacene. (c) SAM-modified silver/pentacene.



Fig. 6. AFM images of pentacene grown (a) on Au and SiO2 (b) on Ag and SiO2 (c) on SAM-modified Ag and SiO2.
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pentacene. Since the work function of these two metals
both match the HOMO energy level of pentacene, the
drain–source current, IDS, is thought to be similar in the
devices with these two electrodes. However, as shown in
Fig. 2, the device with SAM-modified Ag electrodes shows
a better performance as compared to the Au-electrode
device. This is consistent with the hole injection barriers
of these electrodes shown in Fig. 4. The device with
SAM-modified Ag electrodes has a lower hole injection
barrier, around 0.1 eV, than that of the Au-electrode device,
which has hole injection barrier of as much as 0.8 eV. The
smaller hole injection barrier results in better current
injection from the electrodes to pentacene, and thus
the better saturation current and mobility of the
Fig. 7. AFM images of pentacene grown on SiO2 and SAM-modifi
SAM-modified device. The Ag-electrode device has much
higher hole injection barrier of 1.3 eV, and therefore the
Ag-electrode device shows no transistor characteristics.

The electrical characteristics of devices are not only af-
fected by the hole injection barrier between electrodes and
organic layer. In fact, it is also related to the film morphol-
ogies [27–29]. We carried out AFM measurement of penta-
cene grown on Au, Ag, and SAM-modified Ag to SiO2, as
shown in Fig. 6a–c. Fig. 6a and b shows a relative small
pentacene grain size on Au, Ag, and SiO2. In Fig. 6c, penta-
cene grains on the SAM-modified Ag devices become larger
on modified-Ag electrodes and SiO2, which would lead to
an increase in saturation current and mobility of the de-
vices. Fig. 7a and c shows the AFM images of pentacene
ed SiO2 and the corresponding line profiles of the images.
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grown on SiO2 and SAM-modified SiO2, respectively, and
the corresponding line profiles are shown as Fig. 7b and
d. The results also imply that the FDT-HDT mixed SAMs
can modify not only the Ag electrodes, but also change
the SiO2 surfaces at the same time. The mobility and satu-
ration current of Au-electrode devices is not as good as
SAM-modified Ag-electrode devices. Therefore, it is evi-
dent that both the size of the grain of pentacene and the
hole injection barrier between electrodes to organic layers
result in the enhance electrical performance of TFTs.

4. Conclusion

In summary, the electrical properties of the organic thin
film transistors with SAM-modified Ag electrodes were
investigated. The devices with Ag electrodes modified by
mixture-SAMs have better saturation current of �135 lA
and the mobility of 0.21 cm2/V s, which are both better than
that of the devices with conventional Au electrodes. The
hole injection barrier and the pentacene morphology were
further investigated by the UPS and AFM. We conclude that
the better saturation current and the mobility of the devices
are due to the lower hole injection barrier and the large and
continuous grain size of pentacene on electrodes.
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