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Abstract Self-assembled monolayers are widely used to
modify the gate dielectric/semiconductor interface in or-
ganic thin-film transistors. By modifying the interaction be-
tween the molecular semiconductor and the substrate, thin-
film ordering and the electronic properties of the semicon-
ducting channel can be controlled. The modified semicon-
ductor/dielectric properties result in macroscopically ob-
served changes in the charge-carrier mobilities, threshold
voltages, subthreshold swing and transfer characteristic hys-
teresis. The latter two are determined by the density of
charge-trapping states at the interface. Here, we investigate
the influence of the thickness of the self-assembled mono-
layer, via the alkyl chain length in n-alkyl phosphonic acid-
based monolayers on SiO2, on the electronic properties of
pentacene-based organic thin-film transistors. Rather than
a monotonic increase or decrease in performance with in-
creasing chain length, we have found that the optimum per-
formance occurs with chains of 8–10 carbon atoms. Atomic
force microscopy shows a correlation between pentacene
crystalline grain size and transistor performance.

PACS 85.30.Tv · 85.30.-z · 81.15.Cd · 68.55.Nq · 42.70.Jk

Organic thin-film transistors (OTFTs) are an alternative
technology to amorphous silicon thin-film transistors (a-Si
TFTs) in large-area electronic devices, such as active-matrix
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displays. OTFT fabrication processes are free of high-
temperature processing steps, unlike their inorganic counter-
parts. This allows the use of low-cost flexible substrates such
as polyethylene terephthalate (PET) and naphthalate [1], en-
abling large-scale, low-cost roll-to-roll continuous manufac-
turing processes, potentially resulting in a greatly reduced
cost per unit area for the completed circuits.

OTFTs based on polycrystalline thin films of pentacene
and its derivatives exhibit performance metrics which are
virtually identical to those of their a-Si counterparts [1–4].
These p-channel devices have carrier mobilities in the range
of 1 cm2/V s and on–off ratios between 106 and 108. Unfor-
tunately, the subthreshold performance of pentacene OTFTs
is typically inferior to a-Si TFTs. Subthreshold swings can
be several volts per decade, and positive threshold voltages
on the order of tens of volts are typical of OTFTs constructed
on 350-nm-thick SiO2 dielectrics [2]. Both the poor sub-
threshold swings and the large threshold voltage shifts are
caused by a high density of charge-trapping states either
in the channel or at the semiconductor/gate dielectric inter-
face [5, 6]. The origin of these charge-trapping states may
be related to poor crystalline ordering and grain boundary
derived gap states, or they may be due to interface gap states
caused by the interaction between the semiconducting mole-
cules and the polar SiO2 surface.

Self-assembled monolayers (SAMs) based on trichlorosi-
lane [2], phosphonic acid [4, 7–10] and trimethoxysi-
lane [11] binding groups (to name a few) have been very suc-
cessful at improving the subthreshold performance. Here,
the hydrophilic SiO2 surface is replaced with a hydrophobic
SAM, improving the wetting by the organic semiconduc-
tor molecules and presumably resulting in improved order
in the first few monolayers that form the channel. Even
with relatively thick (100-nm) SiO2 dielectrics, devices with
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subthreshold swings only a few times the thermodynami-
cally allowed minimum of 58 meV/decade [4] and uniform,
slightly negative threshold voltages have been reported. It
has also been suggested that a large density of electron-
trapping states at organic/SiO2 interfaces are due to surface
hydroxyl groups [12]. Systematic studies of both SAM-
treated SiO2 dielectrics and polymer dielectrics with and
without hydroxyl groups indicated a clear correlation be-
tween the subthreshold metrics and the presence or absence
of n-channel conductance due to strong electron trapping.
Electron traps with long detrapping times (compared to the
length of an experiment) in a p-channel device will result in
threshold voltage hysteresis between on-to-off and off-to-on
sweeps, in that order. The electron traps are not populated
until a positive (off) gate bias is applied. Therefore, the on-
to-off sweep is not affected by the trapped charge density,
while the off-to-on sweep is. The presence of this net charge
density on one side of the gate/dielectric/channel capacitor
results in a built-in potential that shifts the threshold voltage,
resulting in hysteresis between the sweeps. The density of
charge-trapping states can be estimated from both the sub-
threshold swing and the threshold voltage shift [5].

The majority of SAMs studied in the literature have con-
sisted of the binding group and an octadecyl chain, such
as octadecyl trichlorosilane, octadecyl phosphonic acid and
octadecyl trimethoxysilane [2, 8–11]. The influence of the
alkyl chain length on the electronic properties of the semi-
conductor overlayer has not been reported. In this work
we report the properties of pentacene OTFTs constructed
using n-alkyl phosphonic acid SAM-modified SiO2 gate
dielectrics with alkyl chains containing even numbers of
carbon atoms from 6 to 18, effectively controlling the thick-
ness of the organic buffer layer between the polar SiO2 sur-
face and the organic semiconducting channel. Intuitively,
one expects the screening of the SiO2 surface to improve
with increasing buffer layer thickness, and a concomitant
improvement of the electronic properties of the semicon-
ducting overlayer.

Pentacene OTFTs were fabricated on heavily doped Si
wafers (p-type; boron; <0.005 � cm) with 100-nm ther-
mal oxide. The Si wafer served as a common gate electrode
for all transistors, and the thermal oxide as the gate dielec-
tric. Si coupons were sonicated in methanol and immedi-
ately blown dry with dry compressed air followed by oxygen
plasma cleaning in a parallel-plate reactive-ion etcher (Trion
Technologies Phantom) at 250 W rf power, 200 mTorr and
20 sccm O2 for 1 min. After removal from the etcher,
the coupons were immediately immersed in 0.5 mmol so-
lutions of the n-alkyl phosphonic acids (Strem Chemical)
in 2-propanol for 43 h. Following SAM deposition, the
coupons were annealed under rough vacuum for 10 min at
145◦C, rinsed in clean 2-propanol and immediately blown
dry. In addition to the SAM coupons, control coupons un-
derwent the same procedure, immersed in neat 2-propanol

Fig. 1 Water contact angles for each of the n-alkyl phosphonic acid
SAMs and the control (Nanopure; 18.2 M�). Data points represent
the average of three measurements and the error bars the range

instead of an n-alkyl phosphonic acid solution. SAM-coated
coupons were characterized by deionized water contact an-
gle measurements (Fig. 1). The error bars represent the
range of values measured for three different locations on the
coupon. There is a slight trend towards larger contact angles
with increasing chain length, from ≈96◦ for hexyl phospho-
nic acid to ≈102◦ for octadecyl phosphonic acid, indicat-
ing decreasing electrostatic interaction with the polar SiO2

surface beneath with increasing buffer layer thickness. Note
that even the control sample, immersed only in 2-propanol,
still exhibits a relatively large contact angle of 63◦, com-
pared to the vanishingly small angles expected for oxygen
plasma cleaned SiO2, indicating that some species remain
on the surface following immersion in the 2-propanol. The
contact angle of the control is much smaller than those of
the SAMs, however, clearly demonstrating the effect of the
SAMs.

Pentacene (sublimed grade; America Organic Semicon-
ductor) was deposited by thermal vacuum deposition (base
pressure 7 × 10−7 Torr; <5 × 10−6 Torr during deposi-
tion) at a rate of 0.1 nm/s to a total thickness of 50 nm
with the substrate held at 70◦C. The pentacene was pat-
terned through a stencil mask to minimize leakage currents.
Two coupons were included in each run. To avoid any sys-
tematic errors from run to run that may be confused with
chain length dependent properties, the following pairings
were used: hexyl and octadecyl, octyl and hexadecyl, decyl
and tetradecyl, dodecyl and control. Following pentacene
deposition and cooling of the substrates to below 40◦C, vac-
uum was broken and the pentacene mask was replaced with
a source–drain stencil mask. Gold source–drain electrodes,
50-nm thick, were deposited at 0.1 nm/s at a vacuum bet-
ter than 5 × 10−6 Torr with the sample holder nominally at
room temperature. An array of top-contact transistors with
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channel lengths of 100 µm and 250 µm, and channel widths
of 1.5 mm, 1 mm and 0.5 mm, was fabricated on each
coupon.

Electronic characteristics of the pentacene OTFTs were
measured using two Keithley 236 source-measure units
(SMUs)— one to control the source–drain voltage and mea-
sure the drain current, and one to control the source–gate
voltage and measure the gate leakage current. The satura-
tion transfer curves were measured by applying −25 V to
the drain and sweeping the gate from −25 V to +25 V and
back for the on-to-off and off-to-on scans, respectively. The
sweep rate is dependent on the integration time of the Keith-
ley 236 SMUs, which is dynamically adjusted, depending
on the magnitude of the current being measured. For most
of the sweep, an effective rate of 2 V/s was used, although it
was as low as 0.5 V/s in the ‘off’ region, where the currents
are very small. Device parameters were not studied as func-
tions of sweep rate. The threshold voltages and hole mobil-
ities were extracted from the saturation transfer curves from
the intercept and slope, respectively, of the linear portion of
the square root of the drain current as a function of gate volt-
age, assuming the ideal p-channel FET equations to hold:

isat
DS = 1

2
μCox

W

L
(VGS − VT)2, VDS < VGS − VT. (1)

A typical saturation transfer curve, plotted both on a log-
arithmic scale and as the square root of the drain current,
is included in Fig. 2 to illustrate and justify the validity of
the method. The data was collected from an octyl phospho-
nic acid modified transistor with W/L = 6. A small degree
of hysteresis is evident, which results in a threshold voltage
shift of approximately +1.8 V between the on-to-off and
off-to-on transfer curves, collected in that order. The mobil-
ity and subthreshold swing data, as functions of the alkyl
chain length, are plotted in Fig. 3. The data points repre-
sent the average values for each sample and the error bars
are drawn to indicate the total range of values measured.
For consistency, the values plotted for each sample are de-
rived from the off-to-on transfer curves. Referring to Fig. 3a,
note that the mobilities measured for all eight samples are
�0.3 cm2/V s, and therefore well within the accepted liter-
ature range for polycrystalline pentacene thin films. A defi-
nite maximum is evident, however at a chain length of C-8,
octyl phosphonic acid. Here, all transistors demonstrated
mobilities in excess of 1 cm2/V s, and the best devices nearly
2 cm2/V s. For alkyl chains longer than C-8, the average mo-
bilities monotonically decrease, again reaching 0.3 cm2/V s
for C-18. The subthreshold swings, on the other hand, are
≈0.9 V/decade for the 2-propanol control, 0.6 V/decade for
C-6, and all longer alkyl chain SAM substrates are consis-
tent with an average of 0.5 V/decade, with some devices as
low as 0.4 V/decade, indicating a substantially lower trap
density resulting from the introduction of the SAMs. It is

Fig. 2 On-to-off and off-to-on saturation transfer curves of a typical
n-alkyl SAM modified pentacene OTFT. This data was collected from
an octyl phosphonic acid transistor with a W/L of 6. a Square root of
the drain current as a function of gate–source voltage. b Drain current
plotted on a logarithmic scale. The drain is held at −25 V with respect
to the source

interesting to note, however, that while the control device
and the C-14, C-16 and C-18 SAM devices all have approx-
imately the same mobilities, the trap density appears to be
much lower for the SAM devices than for the control, indi-
cating that the mobility in the latter devices does not appear
to be limited by the density of charge-trapping states.

The threshold voltage shifts, defined as the difference be-
tween the measured off-to-on and on-to-off threshold volt-
ages, are included in Fig. 4, along with the maximum on/off
ratio measured for each sample. Qualitatively, we see a sim-
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Fig. 3 Variation of hole mobility and subthreshold swing with alkyl
chain length for off-to-on transfer characteristics. Data points are av-
erage values and error bars indicate the observed range

ilar indication of the variation of trap density with alkyl
chain length. The degree of hysteresis is greatest for the
2-propanol control (≈4 V), least for the octyl phosphonic
acid (≈1 V, although with a sizable range) and consistent
with a mean value of ≈2.5 V for all other chain lengths.

To gain further insight into the differences between the
pentacene films grown on the treated substrates, contact
mode atomic force microscopy (AFM; Agilent 5500 with
Nanoworld PointProbes cantilevers ≈0.2 N/m) was per-
formed on the channel regions of individual devices. It must
be remembered that the degree of ordering observed by
AFM at the top of the 50-nm-thick pentacene film does not
necessarily reflect the ordering in the first few nanometers
that form the transistor channel and determine the electronic
properties of the device. 5 µm × 5 µm topology images from
the control, hexyl, decyl, tetradecyl and octadecyl phospho-
nic acid-modified devices are included in Fig. 5. Figure 5
also includes a deflection image (panel B) for the 2-propanol
control, which highlights the clearly visible steps and ter-

Fig. 4 Variation of threshold voltage shift and on/off ratio with alkyl
chain length. The threshold voltage shift is defined as the threshold
voltage for the off-to-on sweep minus that for the on-to-off sweep. The
difference between the two indicates the degree of hysteresis. Thresh-
old shifts represent the average (points) and range (error bars) ob-
served, while the on/off ratios are the best values observed

races that are present in all images. The steps are ≈1.5 ±
0.2 nm in height, consistent with the tilted monomolecu-
lar length, or half of the pentacene triclinic cell c-axis lat-
tice parameter. By examining the apparent grain size as a
function of alkyl chain length, we see a clear trend. Inter-
mediate chain lengths produce large, well-ordered dendritic
grains several microns in size, while the longer chains result
in submicron-sized grains ≈200–300 nm in size with a more
granular appearance. The 2-propanol control produced inter-
mediate results, with grain sizes ≈600–800 nm. Upon closer
scrutiny, however, one may note that although the grains are
much larger and better defined for the hexyl phosphonic acid
treated sample compared to either the 2-propanol control or
the tetradecyl phosphonic acid sample, the mobilities are not
that different. The grains are almost identical for the hexyl
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Fig. 5 AFM images of pentacene film on (a) 2-propanol control, (b) 2-propanol: deflection image showing steps and terraces, (c) hexyl phosphonic
acid, (d) decyl phosphonic acid, (e) tetradecyl phosphonic acid and (f) octadecyl phosphonic acid
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and decyl phosphonic acid substrates, but the mobility of the
decyl phosphonic acid devices is much larger. Furthermore,
although the tetradecyl and octadecyl phosphonic acid sam-
ples have significantly smaller grain sizes compared to the
2-propanol control, they have comparable mobilities, and
the SAM-treated samples have uniformly better subthresh-
old swings and lower threshold voltage hysteresis than the
untreated sample. Note that we cannot eliminate the possi-
ble interpretation of voids between the pentacene grains re-
sulting in poor intergrain transport. The morphology of the
first mono/multilayers of pentacene at the dielectric inter-
face cannot be accurately probed by AFM images of the 50-
nm-thick films. From these images and the electronic prop-
erties of the corresponding transistors, we see that there is no
clear correlation between grain size and average hole mobil-
ity in these devices, in contrast to some earlier reports [13]
but in agreement with others [14]. Our interpretation of these
results will be discussed in the following paragraph. Ob-
viously, care must be taken when predicting the electronic
properties of the film based solely on the AFM-determined
grain structure.

We propose that there are two dominant mechanisms that
limit the performance of the devices with lower mobility, re-
sult in trapping states that degrade the subthreshold perfor-
mance and cause threshold voltage hysteresis. We consider
shallow, short-lived hole traps that degrade both the macro-
scopic mobility and the subthreshold performance, but do
not impact the hysteresis, as their mean trapping times are
small compared to the length of time required to perform a
transfer curve measurement. Deep, long-lived electron traps,
on the other hand, will produce the threshold voltage shifts
and hysteresis between the on-to-off and off-to-on sweeps
observed [6]. The presence of charged deep electron traps
has also been found to reduce the average hole mobility,
due to the creation of shallow hole trap states caused by
the electrostatic interaction of the hole with the negatively
charged occupied electron trap [15]. Considering these two
types of traps, we can qualitatively understand the behav-
ior of our devices. The 2-propanol control devices appear to
have a larger density of deep electron traps, perhaps aris-
ing from the interaction of the pentacene molecules with
the polar SiO2 surface. As indicated by the contact angle
measurements, even though the 2-propanol-treated surface
is not pristine SiO2, it is still much more hydrophilic than
any of the SAM-treated surfaces. These trapping states re-
sult in the (relatively) poor subthreshold performance, the
threshold voltage hysteresis and the reduced mobility. On
the other hand, the longer chain alkyl phosphonic acid de-
vices have relatively good subthreshold performance and
less hysteresis, but reduced mobility originating from a high
density of shallow hole trap states, perhaps due to the high
density of pentacene grain boundaries present. We hypothe-
size that the longer chain phosphonic acid molecules result

in poorer ordering in the SAM compared to the intermedi-
ate chains. These SAM defect sites then act as nucleation
sites for pentacene grains. The high density of nucleation
sites results in smaller grains on average. The optimum per-
formance observed at intermediate chain lengths is then the
best compromise, with a sufficiently hydrophobic surface
and better ordering than the longer chain SAMs. It should
be noted, however, that this suggestion of poorer ordering
with increasing chain length between the hexyl and octade-
cyl chain lengths contradicts the well-accepted result that
SAM ordering improves in this range for alkane thiols on
single-crystal gold. In fact, Camillone et al. found that the
ordering of alkane thiol monolayers on Au(111) degrades
for chains with less than 10 C atoms/chain due to decreas-
ing interchain interaction [16]. It is not unreasonable, how-
ever, to suggest that growth on an amorphous substrate such
as SiO2 with a different binding group may alter the order-
ing of the SAM and account for the difference between the
gold/thiol results and those presented here. Alternatively, the
less well ordered SAMs produced at shorter chain lengths
may actually be more conducive to the growth of a large-
grained pentacene overlayer. In order to test these hypothe-
ses, further experiments to investigate the early stages of
pentacene film growth on these SAMs and electrical mea-
surements to determine the energy distribution and density
of trapping states are required.
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