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A series of self-assembled monolayers (SAMs), comprising octadecyltrichlorosilane (ODTS),
dodecyltrichlorosilane (DDTS), and hexamethyldisilazane (HMDS), were prepared to exam-
ine the effects of phase states and condensation behaviors of SAMs on the morphologies
and performance of pentacene-based organic field-effect transistors (OFETs) by means of
Fourier Transform Infrared (FT-IR) spectrometer, atomic force microscope (AFM), X-ray dif-
fraction (XRD), and semiconductor parameter analyzer. Experimental results reveal that
the treatment of SiO2 substrates with O2 plasma (denoted as O2-SiO2) and the preparation
temperature of SAMs dramatically influence the morphologies of SAMs and the perfor-
mance of corresponding pentacene-based (no purification) OFETs. When the SAMs were
prepared at 30 �C, the OFET based on ODTS-treated O2-SiO2 substrate had the highest hole
mobility, reaching as large as 1.15 cm2 V�1 s�1, and an on/off current ratio in excess of 105;
these values are both much larger than those of a device based on ODTS-modified SiO2 sub-
strates without O2 plasma treatment and O2-SiO2 substrates modified by ODTS SAMs pre-
pared at other temperatures. OFETs based on O2-SiO2 substrates that were modified by
DDTS and HMDS SAMs prepared at 4 �C performed best.

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

Pentacene-based organic field-effect transistors (OFETs)
have received substantial interest in recent decades, owing
to their high hole mobility and on/off current ratio [1–45],
which are comparable to those of commercially amor-
phous silicon-base FETs. The performance of pentacene-
based OFETs depends significantly on the molecular order,
morphology, and grain boundary within the active layer,
which can be effectively controlled by varying the wafer
cleaning procedures [1–4], deposition rate of pentacene
[5], substrate temperature [5–7], and modification of the
. All rights reserved.
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self-assembled monolayer (SAM) [6–25] or polymeric
ultrathin films [21,26–41] on the substrate. The phase
states of SAMs are critical to improving the molecular
order within the active layer and the performance of OFETs
[7,15–17]. Bao et al. presented a simple technique for
fabricating an ultrasmooth octadecyltrimethoxysilane
(ODTMS) SAM on UV/ozone-cleaned SiO2 substrate by
spin-coating, resulting in high-performance OFETs based
on penatcene and C60 [16]. In 1994, Rondelez et al. system-
atically studied the relationship between the molecular
structure in a series of n-alkyltrichlorosilane SAMs and
the temperature of preparation [46–47]. They determined
the transition temperature Tc at which ordered n-alkyltri-
chlorosilane SAMs on SiO2 substrates were formed by
making contact angle and Fourier transform infrared
(FT-IR) measurements. This transition temperature Tc for
octadecyltrichlorosilane (ODTS), one of the most studied
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SAMs, is around 28 ± 5 �C. Below Tc, ODTS forms an ordered
SAM on the SiO2 substrate while the ODTS SAM is disor-
dered above Tc. Cho et al. showed that such ordered and
disordered ODTS SAMs dramatically affect the perfor-
mance of pentacene-based OFETs [7]. They found that the
hole mobility of an OFET based on pentacene films depos-
ited on ordered ODTS SAMs prepared at 4 �C are much
higher than those deposited on disordered ODTS SAMs pre-
pared at 65 �C.

Previously, Rye commented on the investigation of
Rondelez et al., who found that the formation of ordered
n-alkyltrichlorosilane SAMs depends on strong covalent
bonds between the anchoring groups of n-alkyltrichlorosi-
lane and hydroxyl (–OH) groups on SiO2 surface, as well as
on the van der Waals’ interaction between the alkane
chains [48]. Numerous studies have demonstrated that
O2 plasma treatment can remove residual organic contam-
ination and increase the density of hydroxyl groups on the
oxide surface, enhancing the covalent bonds between the
SAM molecules and the oxide surface [49–51]. Hsieh
et al. revealed that ultrasmooth ODTS SAMs can be formed
by the treatment of SiO2 substrate with O2 plasma using
low polarity solvents, such as hexadecane and toluene
[51]. Cho et al. investigated the effect of preparation tem-
perature of ODTS SAMs on the performance of OFETs based
on SiO2 substrates without O2 plasma treatment [7]. How-
ever, the influence of hydroxyl density of the SiO2 substrate
on the phase states of n-alkyltrichlorosilane SAMs pre-
pared at different temperatures and the performance of
OFETs based on such films have not been fully studied.

This study investigates the phase states and condensa-
tion behaviors of a series of silane-based SAMs on SiO2 sub-
strates that were prepared at various temperatures of
SAMs and with different hydroxyl densities, controlled by
O2 plasma treatment. The effects of these factors on the
morphology of pentacene (no purification) and the perfor-
mance of OFETs based on such films were also explored.
Experimental results indicate that the OFET based on O2

plasma-treated SiO2 (O2-SiO2) that was immersed in a
5 mM toluene solution of ODTS at 30 �C for 6 h has a hole
mobility of as high as 1.15 cm2 V�1 s�1 and an on/off cur-
rent ratio in excess of 105, which values are much larger
than those of devices based on ODTS-modified SiO2 sub-
strates without O2 plasma treatment and O2-SiO2 sub-
strates modified by ODTS SAMs prepared at other
temperatures. SiO2 substrates that had and had not under-
gone O2 plasma treatment were denoted as O2-SiO2 and
N-SiO2 substrates, respectively. Pentacene thin films based
on SAMs prepared at 4, 30, and 60 �C were designated
PENT4, PENT30, and PENT60, respectively.
2. Experimental

2.1. Materials

Octadecyltrichlorosilane (ODTS, 95%, purchased from
Acros), dodecyltrichlorosilane (DDTS, 97%, purchased from
TCI), hexamethyldisilazane (HMDS, 98%, purchased from
Acros), anhydrous toluene (Acros), and pentacene (Sig-
ma–Aldrich) were used as received. OFET devices were
made using heavily n-doped Si wafers as back gate elec-
trodes with a thermally oxidized SiO2 (270 nm, capacitance
Ci = 11 nF cm�2) dielectric. The substrate, soaked in pira-
nha solution (concentrated H2SO4/30% H2O2 7:3 v/v) for
60 min, was cleaned using distilled water and dried in a
flow of pure nitrogen. O2-SiO2 substrates were finally
cleaned using PDC-32G plasma cleaner (Harrick) at low
power for 1 min.

2.2. Preparation of self-assembled monolayer (SAM)

The substrates treated by self-assembled monolayers
(SAMs) were prepared by immersing them into a 5 mM
solution of SAMs in dry toluene for 6 h at different prepar-
ing temperatures (10–60 �C), controlled using a refriger-
ated circulator. Preparation temperatures of 4 and �10 �C
were maintained in the cooler and freezer compartments
of a refrigerator, respectively. Subsequently, the substrates
were cleaned by ultrasonication in toluene and dried in
flowing pure nitrogen. The SAM-treated substrates were
baked at 120 �C in a vacuum oven for 1 h.

2.3. Characterization

The phase states of SAMs were investigated using Fou-
rier transform Infrared (FT-IR) spectrometer (VERTEX 70).
Atomic force microscope (AFM) images of pentacene films
and SAM-treated substrates were obtained using Veeco
Dimension 5000 scanning probe microscope. The inner
structures of pentacene films were determined by X-ray
diffraction (XRD, Rigaku 18 kW Rotating Anode X-ray Gen-
erator) using Cu Ka radiation (kKa1 = 1.54 ÅA

0

). Contact angle
(CA) values of water were measure using Sindatek 100 SB.

2.4. OFET device fabrication

Pentacene films (45 nm) were thermally evaporated
onto SAM-treated substrates at a rate of 0.1–0.2 Å s�1 un-
der a pressure of 5 � 10�6 torr. The substrates were main-
tained at constant temperature of 65 �C. Finally, Au source-
drain electrodes (60 nm) were thermally evaporated onto
the pentacene films (top contact) through a shadow mask.
The channel length (L) and width (W) are 100 lm and
2000 lm, respectively. All of the transistors were charac-
terized under ambient air using an HP 4145B semiconduc-
tor parameter analyzer. The charge mobility (l) was
calculated from the saturation regime using the formula,
Id ¼ ðWCi=2LÞlðVg � VthÞ2, where L is the channel length;
W is the channel width; Ci is the capacitance per unit area
of SiO2, Id is the drain current, Vg is the gate voltage, and Vth

is the threshold voltage.
3. Results and discussion

3.1. Phase states and condensation behaviors of ODTS

To investigate the molecular order of ODTS SAMs pre-
pared under different conditions, their FT-IR spectra were
obtained. Fig. 1 indicates that the molecular order of ODTS
SAMs does not depend on the treatment of the SiO2



Fig. 1. FTIR spectra of ODTS SAMs prepared at different temperatures and SiO2 substrates (a) N-SiO2 and (b) O2-SiO2.
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substrates with O2 plasma. The ODTS SAMs on both types
of SiO2 substrates exhibit similar spectra at different prep-
aration temperature of ODTS. Below 30 �C, the ODTS SAMs
had ordered structures (all-trans -CH2-); above 30 �C, they
converted into disordered structures, as revealed by the
upward shift of CH2 stretching vibration [7,15–17]. The
surface morphologies of ODTS SAMs were characterized
by atomic force microscopy (AFM) as presented in Fig. 2.
The ODTS SAMs on N-SiO2 and O2-SiO2 substrates show
similar morphologies when the SAMs were prepared at 4
and 60 �C. The ODTS SAMs exhibit dramatic aggregation
on O2-SiO2 substrates. The morphologies of ODTS SAMs
on these two substrates differ markedly at a preparation
temperature of 30 �C. The ODTS SAMs on N-SiO2 substrate
have a very rough surface; however, they form a very
smooth surface on O2-SiO2 substrate. Fig. 3 presents a sim-
ple scheme of several conditions of ODTS SAMs to explain
this phenomenon. The condensation behaviors of ODTS
SAMs vary with preparation conditions probably because
of the variation in density of the hydroxyl groups of SiO2

substrates and the different solubility of ODTS in toluene.
The solubility of ODTS in toluene at 4 �C is lower than that
at 30 �C. The ODTS molecules aggregate at 4 �C before and
after anchoring onto N-SiO2 (Fig. 3a) and O2-SiO2 sub-
strates. Therefore, the rough surface was formed. The low-
er solubility of ODTS in toluene at 4 �C can be proven by
the formation of gel after 6 h of deposition (Fig. 4), whereas
the ODTS solution remains clear at 30 �C during the same
period. The ODTS forms a smooth monolayer structure on
O2-SiO2 substrate at 30 �C owing to the sufficient number
and uniform density of the hydroxyl groups (Fig. 3b). How-
ever, the density of hydroxyl groups on N-SiO2 surface is
insufficient to form a uniform monolayer at this tempera-
ture. Such difference of hydroxyl density can be proven by
the reduced CA values of bare SiO2 substrates from 29� to
17� (Fig. 1S) after treatment with O2 plasma. Wherefore
when the first few ODTS molecules anchor onto the limited
number of silanol groups, the following condensation can
occur between ODTs molecules (Fig. 3c). The unanchored
aggregations of ODTS molecules were rinsed off after
ultrasonication. Finally, the rough surface was observed
on N-SiO2 substrate at 30 �C. The FT-IR spectra and AFM
images indicate that the ordered (all-trans -CH2-) ODTS
molecules aggregate on the N-SiO2 substrates at both 4
and 30 �C and on the O2-SiO2 substrate at 4 �C. The ordered
ODTS molecules form a smooth monolayer on the O2-SiO2

substrate at 30 �C.

3.2. Performance of organic field-effect transistors

Top-contact OFETs were fabricated to explore the effect
of phase states of ODTS SAMs on the performance of the
corresponding pentacene-based OFETs. Other preparation
temperatures of ODTS SAMs on O2-SiO2 substrates were
tested to optimize the fabrication conditions. Table 1 shows
the charge mobilities and on/off current ratios of these
devices fabricated on both N-SiO2 and O2-SiO2 substrates.
On N-SiO2 substrates, PENT4 and PENT30 perform quite
similarly, consistent with FT-IR and AFM results. The
conversion of SAMs from an ordered to a disordered state
drastically reduces the charge mobility of PENT60. These
results are consistent with those of Cho et al. [7]. On O2-
SiO2 substrates, the performance of PENT60 is similar with
that on N-SiO2 substrate prepared at the same tempera-
ture; however, the trend of performance of OFETs based
on ODTS SAMs prepared between 4 and 30 �C is different
from those fabricated on N-SiO2 substrates. The maximum
charge mobility and on/off current ratio of PENT4 based on



Fig. 2. AFM images (3 lm � 3 lm) of ODTS SAMs prepared at different temperatures (a) N-SiO2 substrates and (b) O2-SiO2 substrates.

Fig. 3. Condensation behaviors of ODTS SAMs at different conditions (a) 4 �C on N-SiO2, (b) 30 �C on O2-SiO2 and (c) 30 �C on N-SiO2. The red circles present
the hydroxyl groups on the SiO2 substrates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 4. The gel of ODTS in toluene at 4 �C after 6 h of deposition.

Table 1
The electrical characteristics of pentacene-based OFETs on ODTS SAMs
measured in ambient conditions. The lave values are the averages of 10
channels for each OFET.

Substrate Device lave

(cm2 V�1 s�1)
l
(cm2 V�1 s�1)

Ion/Ioff

N-SiO2 PENT4 0.597 0.492 � 0.669 1.42 � 105

PENT30 0.503 0.468 � 0.528 1.79 � 105

PENT60 0.100 0.079 � 0.115 3.62 � 104

O2-SiO2 PENT4 0.291 0.250 � 0.309 7.84 � 104

PENT25 0.467 0.396 � 0.508 1.29 � 105

PENT27.5 0.631 0.540 � 0.695 1.80 � 105

PENT30 1.010 0.846 � 1.150 2.06 � 105

PENT30
(55)a

0.746 0.657 � 0.833 1.59 � 105

PENT30
(90)b

0.735 0.635 � 0.835 2.48 � 105

PENT32.5 0.630 0.585 � 0.739 1.48 � 105

PENT35 0.339 0.301 � 0.372 7.76 � 104

PENT60 0.068 0.061 � 0.069 1.18 � 104

a Substrate temperature at 55 �C.
b Substrate temperature at 90 �C.
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O2-SiO2 substrate are only 0.309 cm2 V�1 s�1 and 7.84 �
104, respectively. From 4 to 30 �C, the performance of OFETs
based on O2-SiO2 substrate is proportional to the prepara-
tion temperature of ODTS SAMs. The maximum hole mobil-
ity and on/off current ratio of PENT30 based on O2-SiO2

substrate exceed 1 cm2 V�1 s�1 and 2 � 105, respectively.
From 30 to 60 �C, however, the performance of OFETs based
Fig. 5. Output characteristics of selected pentacene-based OFETs on ODTS SAM
(c) PENT30 on O2-SiO2 substrate. Gate voltage from 0 to �100 V.
on O2-SiO2 substrates is inversely proportional to the
preparation temperatures of ODTS SAMs. The maximum
hole mobility and on/off current ratio of PENT60 based on
O2-SiO2 substrate are more than an order of magnitude
lower than those of PENT30. Fig. 5 plots selected I-V curves.
To optimize the performance of OFET, the pentacene films
based on the ODTS SAMs prepared at 30 �C (PENT30) were
also deposited at substrate temperatures of 55 and 90 �C
(Table 1). The results indicate that PENT30 with a substrate
temperature of 65 �C performs best. To explore the effect of
the preparation conditions of ODTS SAMs on the perfor-
mance of OFETs, the morphologies and molecular order of
some important pentacene films based on ODTS SAMs were
characterized by AFM and X-ray diffraction (XRD) as given
in Figs. 6 and 7, respectively. The AFM images of PENT4 and
PENT30 based on N-SiO2 substrates show that they have
similar textures of small terraces. The corresponding XRD
patterns of these two films are dominated by the thin film
phase layer structures ((0010) at 2h = 5.75�), but also in-
clude weak signals from bulk phase layer structures
((001) at 2h = 6.17�). Accordingly, these two OFETs perform
almost equally. However, the preparation temperature of
ODTS SAMs on O2-SiO2 substrates dramatically affects the
morphologies of following pentacene films. The grains in
PENT30 are much larger than those in PENT4. The corre-
sponding XRD patterns of both pentacene films reveal only
pure thin film phase layer structures; the XRD intensity of
PENT30 is almost ten times that of PENT4, which is consis-
tent with the I-V measurements. The AFM images and XRD
patterns of PENT60 based on disordered ODTS SAMs on
both N-SiO2 and O2-SiO2 substrates show very roughly dis-
continuous 3D islands and weak bulk phase layer struc-
tures, respectively. These discontinuous morphologies
explain why the performance of the corresponding OFETs
is very poor. Since the transition temperature Tc depends
on the chain length of n-alkyltrichlorosilane [46], the ef-
fects of the preparation temperatures of dodecyltrichloros-
ilane (DDTS) and hexamethyldisilazane (HMDS) on the hole
mobility of pentacene-based OFETs on O2-SiO2 substrates
were also investigated (Table 2). Again, the performance
of pentacene-based OFETs on both SAMs varied with the
preparation temperature of the SAMs. The PENT4 devices
based on DDTS and HMDS SAMs had the highest hole
mobilities of 0.726 and 0.559 cm2 V�1 s�1, respectively,
s (a) PENT4 on O2-SiO2 substrate (b) PENT30 on N-SiO2 substrate and



Fig. 6. AFM images (3 lm � 3 lm) of pentacene films based on ODTS SAMs prepared at different temperatures (a) N-SiO2 substrates and (b) O2-SiO2

substrates.

Fig. 7. XRD patterns of pentacene films based on ODTS SAMs prepared at different temperatures and SiO2 substrates (a)–(c) N-SiO2 substrates and (d)–(f)
O2-SiO2 substrates.
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which consistent with the AFM images of DDTS and HMDS
SAMs (Fig. 2S) and XRD patterns of pentacene films based
on these substrates (Fig. 3S). For both DDTS and HMDS,
the SAMs prepared at 4 �C show the smoother morpholo-
gies and the corresponding XRD patterns of PENT4 films
display stronger intensities than those prepared at other
temperatures. Fig. 8 summarizes the highest hole mobili-
ties of pentacene-based OFETs on three SAMs prepared at
various temperatures. It can be see that the performance
of pentacene-based OFETs is very sensitive to the prepara-
tion temperature of the SAMs. For ODTS, the best perfor-
mance of OFET was fabricated on the SAM prepared at
30 �C, which is consistent with the transition temperature
Tc (28 ± 5 �C) of ODTS [46]. Rondelez et al. showed that
the transition temperatures Tc of n-alkyltrichlorosilane
SAMs have a shift of 3.5 ± 5 �C per CH2 unit. For DDTS, the
transition temperature Tc is around 6 �C; therefore, the
PENT4 device based on this SAM performs best. For
nonlinear HMDS, the PENT4 device also shows the best
performance.



Table 2
The electrical characteristics of pentacene-based OFETs on DDTS and HMDS
SAMs measured in ambient conditions. The lave values are the averages of
10 channels for each OFET.

SAM Device lave

(cm2 V�1 s�1)
l
(cm2 V�1 s�1)

Ion/Ioff

DDTS PENT-
10

0.194 0.146–0.226 5.58 � 104

PENT4 0.675 0.634–0.726 1.75 � 105

PENT10 0.641 0.598–0.722 2.61 � 105

PENT20 0.627 0.553–0.658 3.85 � 105

PENT30 0.609 0.561–0.652 2.16 � 105

PENT40 0.513 0.431–0.581 1.88 � 104

HMDS PENT-
10

0.079 0.065–0.092 2.96 � 105

PENT4 0.493 0.403–0.559 1.26 � 106

PENT10 0.464 0.412–0.520 2.96 � 105

PENT20 0.190 0.157–0.243 5.85 � 104

Fig. 8. Hole mobility of OFET with respect to chain length and prepara-
tion temperature of SAMs.
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4. Conclusion

In conclusion, this study investigated the phase states
and condensation behaviors of a series of self-assembled
monolayers (SAMs)- octadecyltrichlorosilane (ODTS),
dodecyltrichlorosilane (DDTS) and hexamethyldisilazane
(HMDS) -on SiO2 substrates with different hydroxyl densi-
ties controlled by O2 plasma treatment. Experimental re-
sults reveal that both the preparation temperatures of
SAMs and the hydroxyl density of the SiO2 substrates sig-
nificantly affect the morphologies of SAMs and the perfor-
mance of corresponding pentacene-based (no purification)
OFETs. An OFET that was based on O2 plasma-treated SiO2

(O2-SiO2) substrate immersed in a 5 mM toluene solution
of ODTS at 30 �C for 6 h had a hole mobility of as large as
1.15 cm2 V�1 s�1 and an on/off current ratio of over 105,
which values considerably exceed those of devices based
on ODTS-modified SiO2 substrates without O2 plasma
treatment and O2-SiO2 substrates that were modified by
ODTS SAMs prepared at other temperatures. OFETs based
on O2-SiO2 substrates that were modified by DDTS and
HMDS SAMs prepared at 4 �C performed best.
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