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We have fabricated pentacene organic thin-film transistors 共TFTs兲 using self-assembled monolayers
共SAMs兲 based on alkyl-phosphonic acids with five different alkyl chain lengths as the gate dielectric
and investigated the relationship between the SAM chain length and the electrical performance and
stability of the transistors. A SAM chain length of 14 carbon atoms provides a maximum TFT
mobility of 0.7 cm2 / V s, along with an on/off current ratio greater than 105. We have also
investigated the bias stress effect in these TFTs and found that the change in drain current is
substantially less severe than in pentacene TFTs with polymer gate dielectrics. © 2009 American
Institute of Physics. 关doi:10.1063/1.3259816兴
Organic thin-film transistors 共TFTs兲 are among the key
elements for the realization of large-area, printable, and flexible electronics,1,2 large-area sensors,3 and actuators.4 For
these applications, it is desirable that the organic TFTs can be
operated with voltages in the range of 1.5–2 V. TFTs with
such low operating voltages require a gate dielectric with a
large capacitance per unit area, such as a very thin insulating
polymer,5,6 a metal oxide with a large permittivity,7,8 or a
self-assembled nanodielectric.9,10 While all of these highcapacitance dielectrics have been used to prepare individual
low-voltage organic TFTs, so far none of them has been utilized for integrated circuits or other large-area applications
based on low-voltage organic TFTs. In contrast, gate dielectrics based on an oxygen-plasma-grown AlOx layer 共with a
thickness of a few nanometers兲 in combination with an alkylphosphonic acid self-assembled monolayer 共SAM兲 have
been employed to demonstrate not only low-voltage organic
TFTs using a variety of organic semiconductors,11–13 but
also large-scale integrated circuits on flexible substrates
with more than 100 organic TFTs.14 All TFTs and circuits
in these previous reports utilized the same SAM,
n-octadecylphosphonic acid.
In this study, we have systematically investigated the
relationship between the alkyl chain length of the phosphonic acid SAMs that form the gate dielectric and the electrical
characteristics of the organic TFTs. Phosphonic acids with
five different alkyl chain lengths 关CH3共CH2兲X−1PO共OH兲2,
X = 6, 10, 14, 16, and 18兴 were selected and compared. The
SAMs were prepared from solution. We have found that the
TFT characteristics depend significantly on the chain length
of the SAMs, and that n-tetradecylphosphonic acid 共X = 14,
also referred to as C14-SAM in this study兲 provides the optimum performance. We have also investigated the dc bias
stress effect in these TFTs and found that the bias stressinduced decrease in drain current is no more than 10% after
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4000 s of continuous bias stress with a gate field of 2.5
MV/cm.
The cross section of the pentacene TFTs with the
AlOx / SAM gate dielectric is schematically shown in Fig.
1共a兲. First, a 25 nm thick Al gate electrode was thermally
evaporated onto a silicon wafer through a shadow mask. The
gate dielectric consists of a thin layer of aluminum oxide
共5 nm thick兲 and a molecular alkyl-phosphonic acid SAM.
The aluminum oxide film was prepared by oxygen-plasma
treatment of the Al gate electrode and provides a large density of hydroxyl groups for molecular adsorption. The
plasma power was 300 W, and the duration of the plasma
treatment was 30 min. The SAM was prepared by submersing the substrate in a 2-propanol solution of the phosphonic
acid molecules at room temperature. Five phosphonic acids
with different alkyl chain lengths were studied which are
as follows: n-hexyl 共C6-SAM兲, n-decyl 共C10-SAM兲,
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FIG. 1. 共Color online兲 共a兲 Cross-section of the pentacene TFTs. The gate
dielectric is a combination of a thin oxygen-plasma-grown aluminum oxide
共AlOx兲 layer and a phosphonic acid SAM. 共b兲 Chemical structure of
n-octadecylphosphonic acid 关CH3共CH2兲X−1PO共OH兲2 , X = 18兴. 共c兲 Photograph
of a pentacene TFT.

95, 203301-1

© 2009 American Institute of Physics

Downloaded 19 Nov 2009 to 134.105.227.101. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

Appl. Phys. Lett. 95, 203301 共2009兲

Fukuda et al.

C14-SAM

-6
-1.5 V
-4
-1 V

-2

-0.5 V
0
0

-0.5

-1
-1.5
VDS (V)

-2

10-6

10-7

10-7

10-8

10-8

10-9

10-9

10-10

10-10

10-11

10-11

10-12
0.5

-0.5 -1
VGS (V)

-1.5

10-12
-2

(d)

0.8
0.7

w/o SAM

0

0.6
0.5
0.4

6

-0.2

6

8 10 12 14 16 18
Number of alkyl chain

6

8 10 12 14 16 18
Number of alkyl chain

(f)
106
w/o SAM

10-10
|VGS| = |VDS| = 2 V
6

8 10 12 14 16 18
Number of alkyl chain

On/off ratio

10-8
10-9

1

C18-SAMs

0.95
0.9

0.85

16

14
VGS = VDS = -2 V
0.8
0.1
1
10 100 1000 104
Time (sec)

-8
C18-SAMs, VGS=VDS=-2 V
-7
-6
-5
-4
C14-SAMs,
-3
VGS=-1.7 V, VDS=-2 V
-2
-1
0
0.1
1
10 100 1000 104
Time (sec)

FIG. 3. Time-dependent drain current during continuous DC bias stress. 共a兲
TFTs with C14-SAM, C16-SAM and C18-SAM stressed with VGS = VDS
= −2 V. The drain current has been was normalized to the initial value at
t = 0 s. 共b兲 A TFT with C18-SAM stressed with VGS = VDS = −2 V, and a
TFT with C14-SAM stressed with VGS = −1.7 V and VDS = −2 V. These
bias conditions give a similar electric field across the gate dielectric and the
same initial drain current for both TFTs 共6.5 A兲.

-0.4

w/o SAM
8 10 12 14 16 18
Number of alkyl chain

(e)

10-11

0

(b)

1.05

10-5

10-6

VTH (V)

Mobility (cm2/Vs)

(c)

VDS = -2 V

|IGS| (A)

IDS (µA)

-8

0.3
0.2

10-5

VGS = -2 V

10-4

IDS (µA)

10-4

IDS (A)

-10

Leakage current (A)

(a)

(b)

(a)

IDS/IDS0 (t =0)

203301-2

105

104

w/o SAM

FIG. 2. Electrical TFT characteristics measured in ambient air at room temperature. 共a兲 Output characteristics of a TFT with the C14-SAM 共X = 14兲. 共b兲
Transfer characteristics of TFTs with C18-SAM 共X = 18兲, C14-SAM 共X
= 14兲, C6-SAM 共X = 6兲, and without SAM 共only 5 nm AlOx as the gate
dielectric兲. The dotted line is the gate current of the TFT with C14-SAM. 共c兲
Carrier mobility, 共d兲 threshold voltage, 共e兲 gate current, and 共e兲 on/off current ratio of TFTs with SAM. The dotted line in each graph represents the
average parameter value obtained for the TFTs without any SAM 共only 5 nm
AlOx兲.

n-tetradecyl 共C14-SAM兲, n-hexadecyl 共C16-SAM兲, and
n-octadecyl 共C18-SAM兲 phosphonic acid 关Fig. 1共b兲兴. Purified pentacene was vacuum deposited to form a 30 nm thick
patterned semiconductor layer on the gate dielectric. Finally,
50 nm thick Au was evaporated to form source and drain
contacts. For comparison, we also fabricated pentacene TFTs
with only the 5 nm thick aluminum oxide as a gate dielectric
共without any SAM兲. The nominal channel length and channel
width were 50 and 500 m for all TFTs.
The dc characteristics of the TFTs were measured in ambient air at room temperature using a semiconductor parameter analyzer 共4155C, Agilent Technologies兲. Figure 2共a兲
shows the output characteristics of a TFT with the C14-SAM
as the gate dielectric. The drain current 共ID兲 was measured as
a function of the drain-source voltage 共VDS兲 for gate-source
voltages 共VGS兲 from 0 to ⫺2 V in steps of 0.5 V. Figure 2共b兲
shows the transfer characteristics of TFTs with C18-SAM,
C14-SAM, C6-SAM, and without any SAM. From the electrical TFT characteristics, the parameters carrier mobility in
the saturation regime, threshold voltage, gate current, and
on/off current ratio were extracted. Figures 2共c兲–2共f兲 show
how these parameters depend on the alkyl chain length of the
phosphonic acid molecules. The dotted line in each graph
represents the average parameter value obtained for the TFTs
without any SAM. Figure 2共c兲 shows that increasing the
alkyl chain length from 6 to 14 carbon atoms causes the
mobility to increase from 0.4 to 0.7 cm2 / V s, while further
increasing the chain length to 18 carbon atoms causes the
mobility to drop to 0.4 cm2 / V s again. The mobility of the

TFTs without SAM 共only AlOx兲 is only 0.3 cm2 / V s and
therefore smaller than the mobility of any of the TFTs with
SAM dielectric. Figure 2共d兲 shows that the threshold voltage
increases from 0 V for TFTs with C6-SAM to about ⫺0.2 V
for TFTs with longer chain length. This relationship between
gate dielectric thickness and threshold voltage is similar to
that observed in silicon field-effect TFTs with very thin inorganic oxide gate dielectrics.15
The greatest concern with thin gate dielectrics is the undesirable charge leakage through the dielectric. Figure 2共e兲
shows that the gate current in the TFTs with C6-SAM is
approximately the same as that in TFTs without any SAM,
about 1 nA. As the alkyl chain length is increased to 16
carbon atoms, the gate current decreases monotonically to
below 100 pA. This confirms the important role of a wellordered SAM in providing a gate dielectric with low leakage
currents. The leakage through the gate dielectric also sets a
lower limit to the minimum off-state drain current and therefore to the on/off current ratio of the TFTs. As shown in Fig.
2共f兲, the on/off ratio improves from 104 for TFTs with C6SAM to above 105 for TFTs with C14- and C16-SAM. The
minimum gate current is 60 pA for the TFTs with C16-SAM,
and the maximum on/off ratio is 4 ⫻ 105 for the TFTs with
C14-SAM.
We have also investigated the dc bias stress effect of
fabricated TFTs with various SAM gate dielectrics.16,17 Figure 3共a兲 shows how the drain current of TFTs with C14-,
C16-, and C18-SAM changes over time while the TFTs are
being stressed with constant voltages 共VGS = VDS = −2 V兲.
The drain currents in Fig. 3共a兲 have been normalized to their
initial values. The drain current increased slightly for first
100 s. This may be due to the threshold shift originated from
atmospheric components O2 and/or H2O adsorbed to the
pentacene and plastic substrates.18,19 When dc bias voltages
of ⫺2 V were applied to the SAM-dielectric TFTs continuously for 4000 s, the drain current decreased to 93% of the
initial value in the TFT with C18-SAM and to 85% of the
initial value in the TFT with C14-SAM. In this experiment,
the threshold voltage of the TFTs with shorter SAM chain
length shifts more rapidly, because a shorter SAM implies a
thinner gate dielectric and hence a larger electric field. We
have also compared the bias stress-induced time-dependent
change in drain current of two TFTs with different SAMs
under bias conditions that provide similar electric field and
exactly the same initial drain current 关Fig. 3共b兲兴. After stressing the TFTs continuously for 4000 s under these bias conditions, the drain current of the TFT with the C18-SAM de-
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FIG. 4. Pentacene morphology observed with an atomic force microscope.
The scan size is 5 ⫻ 5 m2. The inset table shows the thickness and surface
roughness of the C10-SAM, C14-SAM, the C16-SAM, and the C18-SAM
obtained by fitting of the x-ray reflectivity data.

creased from 6.6 to 6.2 A, and the drain current of the TFT
with the C14-SAM decreased from 6.6 to 6.0 A. This decrease in drain current is significantly smaller than in pentacene TFTs with polymer gate dielectrics.20
In order to better understand the nonmonotonic relationship between the alkyl chain length of the SAM employed
for the gate dielectric and the carrier mobility of the pentacene TFTs 关Fig. 2共c兲兴, we have evaluated the thin-film morphology of the pentacene films by atomic force microscopy
and the surface roughness of the various SAMs by x-ray
reflectivity. Figure 4 shows the surface morphology of the
pentacene films on the C14-, C16-, and C18-SAM. On the
C14-SAM the pentacene has a grain size of approximately
3 m, which is notably larger than on the C16- and C18SAMs. The inset in Fig. 4 gives the thickness and the surface
roughness of the C10-, C14-, C16-, and C18-SAM, which
were obtained by fitting of the measured x-ray reflectivity
curves. According to these data, the C10-SAM does not form
flat monolayer on the AlOx, and C14-SAM is substantially
smoother than the C16-SAM and the C18-SAM, which may
explain the larger grain size and the larger mobility of the
pentacene films on the C14-SAM. The difference in surface
roughness between phosphonic acid SAMs with different
alkyl chain lengths may be related to subtle differences in the
packing density and the conformation of the alkyl chains
within the SAM, depending on the chain length.21
The relationship between the alkyl chain length and the
microscopic SAM structure has been studied for a number of
molecule/substrate combinations, such as carboxylic acid
SAMs on aluminum oxide22 and phosphonic acid SAMs on
silicon oxide,23 but there are no reports on the relationship
between the alkyl chain length and the SAM structure of
phosphonic acids on aluminum oxide. As Tao22 have pointed
out, the SAM microstructure is very sensitive to the exact
binding mechanism, and is therefore expected to be different
for each system. Therefore, we can only speculate that alkylphosphonic acids with a chain length of less than about ten

carbon atoms form mostly disordered, liquidlike monolayers,
possibly due to a lack of cohesive interaction between the
molecules.21,22 This would explain the large gate currents of
the TFTs with the C6-SAM. For molecules longer than about
ten carbon atoms, the cohesive forces are expected to be
sufficiently strong to force the molecules into an almost upright position with an all-trans zigzag conformation, yielding
dense, well-ordered monolayers with a very smooth surface22
that provides for optimum pentacene film growth, explaining
the excellent performance of the TFTs with C14-SAM. Our
observation that the C16-SAM and C18-SAM have a larger
surface roughness than the C14-SAM may indicate a larger
density of gauche defects near the top surface of the monolayer when the chain length exceeds about 14 carbon
atoms.24
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