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a b s t r a c t

The treatment of the Au electrodes of an organic bottom-contact thin film transistor with
2-mercapto-5-nitrobenzimidazole (MNB) led to improved current–voltage characteristics.
X-ray diffraction, atomic force microscopy, soft X-ray emission spectroscopy, and ultravi-
olet photoelectron spectroscopy were used to investigate the structure-function relation-
ship in the device components MNB and pentacene. By treating the Au contacts with
MNB prior to the pentacene deposition, the morphological and structural properties of
the pentacene come to resemble the ideal case of pentacene deposited onto SiO2. The
action of the MNB is therefore to remove the transition region at the Au/pentacene inter-
face, leading to improved charge carrier injection.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction based on this technology. Pentacene is regarded as a suit-
Thin-film transistors (TFTs) based on organic semicon-
ductors have wide applicability in optoelectronics and
sensor technologies, including active-matrix organic dis-
plays [1–3], electronic-paper technology [4], and radio-
frequency identification circuitry [5], and there is growing
interest in the development of highly integrated circuits
. All rights reserved.
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able material for this application because its field-effect
mobility and drain-current on-off ratio are comparable to
that of amorphous Si [6–9]. Pentacene-based TFT devices
can be fabricated in either top- or bottom-contact struc-
ture; the latter one is easier to produce through photoli-
thography processes due to the intolerance of organic
materials to the chemical etchants that are typically used
in the lithographic patterning processes. The downside to
the bottom-contact thin film transistor (BC-TFT) architec-
ture is that their electronic characteristics are inferior to
those of top-contact TFTs (TC-TFTs) [10–12].

The fabrication of pentacene BC-TFT devices requires
that an active pentacene layer deposited onto both the
SiO2 gate insulator and the Au electrodes. The high surface

mailto:gapsoo.chang@usask.ca
mailto:cnwhang@yonsei.ac.kr
mailto:cnwhang@yonsei.ac.kr
http://www.sciencedirect.com/science/journal/15661199
http://www.elsevier.com/locate/orgel


N
H

N

SH

O2NPentacene

SiO2

Au

p+-Si

Au

MNB

Fig. 1. The cross-sectional schematic of a pentacene BC-TFT with MNB-
treated Au electrodes. The molecular structure of MNB is given in the
right.
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energy of the Au surface leads to poor morphology and crys-
talline quality of the pentacene layer, leading to the forma-
tion of a transition layer that degrades the device
characteristics of pentacene BC-TFT devices [5,10]. This dif-
ficulty can be overcome through passivation of the Au layer,
allowing the pentacene layer to be uniform throughout the
device. Deposition of a self-assembled monolayer (SAM)
onto the Au electrodes has been shown to modify the inter-
face between the electrode and the active organic materials
[3,8,13–15] and is a useful technique for improving the de-
vice characteristics. Especially, it has been reported that
treating the Au electrode using 2-mercapto-5-nitro-benz-
imidazole (MNB) reduces contact resistance by 20–50%
and significantly improve the field-effect mobility [16,17].

In this paper, we present a study of the effects of depos-
iting a MNB–SAM onto the Au electrodes of a pentacene
BC-TFTs. The structure of MNB allows the Au surface to
be thiolated while leaving the active site at the opposite
end of the MNB available for bonding to the pentacene
(see Fig. 1). Our results show that when a pentacene thin
film is deposited onto MNB-treated Au electrodes, the cur-
rent–voltage (I–V) characteristics are significantly en-
hanced. We determine the structural basis for this
modification of the device characteristics by examining
the morphology and crystalline structure of pentacene in
untreated and MNB-treated BC-TFTs using atomic force
microscopy (AFM) and X-ray diffraction (XRD). In addition,
the modifications of the unoccupied and occupied molecu-
lar orbitals that are associated with charge-transport in
pentacene were examined using soft X-ray spectroscopy.

2. Experimental

A 100 nm-thick SiO2 layer was synthesized on a heavily
doped p+-Si substrate using a dry oxidation process. Subse-
quently, the source and drain electrodes were deposited by
thermally evaporating a 15 nm layer of Au at a pressure of
5 � 10�8 Torr using a shadow mask. The channel length (L)
and width (W) for the electrodes were 50 lm and 1000 lm
respectively. A 10 nm-thick MNB layer was evaporated
onto the Au electrodes at a deposition rate of 0.01 nm/s.
The MNB-deposited sample was washed in acetone in or-
der to remove the excess MNB from the Au and SiO2 sur-
face. Through this process, only the MNB molecules that
are bonded to the Au surface are left; the MNB is com-
pletely removed from the TFT channel and does not affect
the pentacene/SiO2 interface. The SiO2 surface was
inspected with an AFM to confirm that the MNB had been
removed. The thermal evaporation of a 100 nm-thick
pentacene active layer was then conducted at 165 �C at a
base pressure of 5 � 10�9 Torr. The deposition rate and
substrate temperature were maintained at 0.05 nm/s and
room temperature, respectively. Fig. 1 shows the cross-sec-
tional schematic of our pentacene BC-TFTs with MNB-trea-
ted Au electrodes. For comparison purposes pentacene BC-
TFTs without any treatment were also prepared in the
same manner.

The I–V characteristics of the BC-TFTs were measured
using two Keithley 2400 source measurement units. The
crystalline structure of the pentacene was confirmed by
recording the h�2h XRD patterns with an incident X-ray
wavelength of 1.5425 Å at beamline 10C1 of the Pohang
Light Source at the Pohang Accelerator Laboratory. The C
1s X-ray absorption (XAS) and C Ka X-ray emission (XES)
spectra were obtained at beamline 8.0.1 of the Advanced
Light Source at the Lawrence Berkeley National Laboratory.
The spectra were normalized to the number of photons fall-
ing on the sample which was monitored by measuring the
photocurrent produced in a highly transparent Au mesh lo-
cated just upstream of the sample chamber. The charge
transfer in our devices was studied by comparing MNB-
treated and untreated Au layers that had been prepared
for in situ ultraviolet photoelectron spectroscopy (UPS)
measurements. Several thicknesses of pentacene (0.1, 0.2,
0.4, 0.8, 1.6, 3.2, 6.4, and 25.6 nm) were measured in regular
order without breaking vacuum by depositing them in a
sample preparation chamber attached to the analysis cham-
ber. The UPS spectra were measured using He I sources with
a hemispherical electron energy analyzer (PHI 5700 spec-
trometer) with �15 V of sample bias, and the analysis
chamber and sample preparation chamber were main-
tained at 1 � 10�10 and 1 � 10�9 Torr, respectively.

3. Results and discussion

The I-V characteristics in Fig. 2 demonstrate the supe-
rior electronic characteristics of the BC-TFT device fabri-
cated with MNB-treated Au electrodes, as compared to
the untreated pentacene BC-TFT; the characteristics are
summarized in Table 1. The maximum drain current (ID)
of the MNB-treated transistor, recorded with both drain
(VD) and gate (VG) voltages at �40 V, is �16 lA – two or-
ders of magnitude larger than that of the untreated transis-
tor (see Fig. 2b). The influence of MNB-treatment on the
carrier-transport characteristics can be determined from
the (�ID)1/2 versus VG plots (VD = �40 V) in Fig. 2c and d.
All plots are taken at VD = �40 V. The (�ID)1/2 versus VG

relation is generally governed by [7]:

ID ¼
WCi

2L
lðVG � VTHÞ2; ð1Þ

where l is the field-effect mobility, VTH is the threshold
voltage, and Ci is the capacitance of the SiO2 gate insulator.
The value of l can be extracted from Eq. (1), and so we esti-
mate the field-effect mobility of the MNB-treated penta-
cene BC-TFT to be 0.14 cm2/Vs, an order of magnitude
larger than the value determined for the untreated transis-
tor (0.0064 cm2/Vs). The subthreshold swings (SS) can also
determined from the logarithmic �ID versus VG plots by
comparison with the model equation [7]:
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Fig. 2. (a) Plots of drain current (ID) versus drain voltage (VD) of untreated (pink circle) and MNB-treated pentacene BC-TFTs (blue circle) for various gate
voltages (VG) and (b) corresponding plots of untreated BC-TFTs at 50 times magnification. (c) Plots of the square root of �ID versus VG and (d) logarithmic
plots of �ID versus VG of untreated and MNB-treated pentacene BC-TFTs.

Table 1
Summary of the device characteristics of untreated and MNB-treated
pentacene BC-TFTs

Sample l
(cm2/Vs)

Maximum ID

(A)
On/off
ratio

SS (V/
decade)

VTH

(V)

Untreated
BC-TFT

0.0064 �2.9 � 10�7 2 � 103 �12.88 �21.5

MNB-treated
BC-TFT

0.14 �1.6 � 10�5 7 � 104 �3.17 �12.6
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SS ¼ dVG

dlogð�IDÞ
: ð2Þ

Analyzing the curves in Fig. 2d, we can see that treatment
of the electrodes with MNB reduces the SS from �12.88 V/
decade in the untreated BC-TFT to �3.17 V/decade. The
influence of the MNB–SAM treatment on the BC-TFT device
characteristics is clear, and the following analysis will
illuminate the structural and electronic effects that lead
to these enhancements.

The carrier-transport characteristics of the organic ac-
tive layer of these devices are related to the morphology
and structure of the pentacene, specifically the crystallinity
of the pentacene and the degree to which the layers on the
Au electrodes match that on the SiO2 gate dielectric [9,15–
18]. Fig. 3 shows the AFM images of pentacene layers
deposited on: (a) MNB-treated Au, (b) untreated Au, (c)
SiO2 on which MNB was deposited and subsequently dis-
solved from, and (d) clean SiO2. The insets show the rough-
ness profiles of each pentacene film. Importantly, there is
no noticeable morphological difference between the
pentacene films on the clean SiO2 surface and the surface
from which the MNB has been dissolved, confirming that
the influence of the MNB treatment of the BC-TFT devices
is confined to the Au electrodes. This is in accordance with
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Fig. 3. AFM images of pentacene thin films on various substrates: (a) on
MNB-treated Au, (b) on untreated Au, (c) on MNB dissolved SiO2 after
MNB deposition, and (d) on clean SiO2. The insets represent the roughness
profile of the pentacene surface. (e) XRD patterns of pentacene thin films
on MNB-treated and untreated Au surfaces.
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other reports suggesting that thiol compounds are selec-
tively self-assembled onto the Au electrodes due to nondis-
sociative adsorption of thiol (S-H) groups [19,20].
Depositing the MNB–SAM on the Au surface prior to the
pentacene deposition causes the resultant film of round-
shaped grains to have roughness similar to that of the film
on the SiO2 surfaces. The size and shape of the grains are
quite similar to the films grown on OTS-treated SiO2 sub-
strates with highly-packed grain boundaries in a previous
report [21]. The absence of the MNB–SAM has a pro-
nounced effect on the morphology of the pentacene film
deposited on the Au substrate, which has a rough surface
characterized by rod-shaped grains. The effect of the
MNB–SAM treatment on the morphology of the pentacene
layer correlates with the variations in electronic character-
istics described above, adding more evidence that the
charge injection into the pentacene layer is improved as
a result of structural modifications induced by the treat-
ment of the Au electrodes.
The crystal phases of the pentacene films deposited on
Au surfaces, both treated and untreated, is reflected in
the XRD patterns shown in Fig. 3e. Both pentacene films
are a mixture of the thin-film and the single-crystal phases
described by Dimitrakopoulos et al. [9]. The structure of
pentacene single crystals adopt the triclinic (P1 group)
with the (0 0 1) plane spacing (d001) of 14.5 Å, while the
d001 of pentacene thin-films equals 15.4 Å. Although it
has recently been shown that the thin-film phase is not en-
tirely independent of the substrate identity [18], the values
obtained here are very close to what has been reported for
pentacene on other surfaces. The diffraction peak at 5.74�
(and 11.44� for the second-order diffraction) corresponds
to a d001 spacing equal to 15.4 Å, showing evidence for
the thin-film phase, while the peak at 6.12� (12.3�) corre-
sponds to d001 = 14.5 Å from the single-crystal phase. It is
clear that the thin-film phase is dominant in the pentacene
film grown on MNB-treated Au, as in the pentacene thin
film on SiO2 surface. In addition to the alignment of the
pentacene molecules along the long axes of 14.5 Å and
15.4 Å, the pentacene films grown on the bare Au surface
exhibit several more diffraction peaks at 24.04�, 26.78�,
28.22�, 28.76�, and 29.10�, corresponding to a much lower
plane-spacing of about 3 Å. The peaks with high Bragg an-
gles come from the first monolayer of pentacene molecules
on bare Au surface lying almost parallel to the Au surface;
these peaks do not appear in the XRD patterns measured
from the pentacene on the MNB-treated Au surface or on
the SiO2 surface [10,11]. The dominant presence of the thin
film phase and the absence of the flat-lying phase are char-
acteristic of the pentacene film deposited on the treated Au
surface, demonstrating the relationship between the qual-
ity of the crystalline structure and the improved device
characteristics that are brought about by the MNB–SAM
electrode treatment.

Taking the above morphological and structural results
into account, it is quite clear that changes in electrode sur-
face energy occur in the pentacene BC-TFTs owing to the
MNB treatment, and that this change enhances the packing
of pentacene grains, making them similar to what is ob-
served on SiO2. A more highly-packed pentacene grains
at the Au electrodes’ surfaces leads to the reduction of
grain boundary scattering, resulting in better charge-trans-
port characteristics and a smooth pentacene surface con-
tribute to the enhancement of injection efficiency. Since
the injection and transport of charge carriers in TFT devices
are strongly related to the delocalized molecular orbital
states of the organic layer, we expect to see evidence of a
correlation between the device properties and the molecu-
lar orbital states of pentacene films deposited on treated
and untreated Au surfaces.

The partial density of the unoccupied carbon 2p molec-
ular orbital states of pentacene is probed by the C 1s XAS
spectra shown in Fig. 4a. The p* states are represented by
the sharp resonant absorption features in the region
283–287 eV; the broad features in the region above
288 eV are r* resonances. The location of the lowest unoc-
cupied molecular orbital (LUMO) is marked by a vertical
line at 284.1 eV. As is expected from the previous struc-
tural and functional characterization, the C 1s XAS spec-
trum of the pentacene thin film on MNB-treated Au
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resembles that of well-ordered pentacene films on SiO2

substrates. Since the incident angle of linearly polarized
X-rays was set to 30� with respect to the sample’s normal
direction, the XAS measurements mostly probe the p-char-
acteristics of the molecule parallel to the sample surface.
Therefore, two intense features at 284.2 and 285.4 eV sug-
gest that unoccupied p* orbitals are aligned nearly parallel
to the plane of the sample’s surface. This agrees well with
results for pentacene films grown on SAM-modified Au
surfaces reported by Hu et al. [11]. For pentacene films
grown on untreated Au, the spectrum exhibits some addi-
tional features at 285 and 286 eV. These sub-features most
likely stem from a different packing arrangement of the
pentacene molecules. As seen in Fig. 3, a pentacene film
deposited on Au contains randomly-oriented grains pos-
sessing rod-like shapes. By examining the spectral features
is therefore able to determine the various pentacene align-
ments present in the samples.

The C Ka XES spectra in Fig. 4b describe the partial den-
sity of the occupied molecular orbitals. The excitation en-
ergy (Eexc) was set to 310 eV, well above the absorption
threshold, in order to ensure that the X-ray absorption
and emission processes are entirely decoupled and the
resulting fluorescence spectra is free from resonant scatter-
ing effects. The emission from transitions originating from
the highest occupied molecular orbital (HOMO) occurs at
281.8 eV, marked with a vertical line. One can see that there
is a discernable increase in p orbital states around 279–
281 eV when pentacene is deposited on MNB-treated Au.
This p-state enhancement is highlighted in the bottom
spectrum which is obtained by subtracting the spectrum
of pentacene film on untreated Au from that on the MNB-
treated Au. Before the subtraction, all spectra were normal-
ized to the number of photons falling on the sample moni-
tored by the photocurrent of a highly transparent gold
mesh. The delocalization boundary of p molecular states
is enlarged as their binding energy increases [12]. Therefore
the enhancement of p orbital states at lower emission en-
ergy (higher binding energy) represents a large intermolec-
ular overlapping of p orbitals. These spectroscopic results
provide excellent evidence in explaining the superior elec-
tronic characteristics found for MNB-treated pentacene BC-
TFTs in comparison to those of untreated BC-TFTs.

For further evaluation of the electronic structure at the
interface of the pentacene and the treated or untreated Au
surfaces, UPS measurements were performed. Although it
is a surface-sensitive technique, the UPS spectra of various
thicknesses of pentacene (Fig. 5) demonstrate a clear effect
of the MNB–SAM treatment on the electronic structure of
the organic active layer. A double-stepped high binding en-
ergy cutoff (Ecutoff) is observed in the UPS spectra of penta-
cene on MNB-treated Au. This phenomenon is a spectral
signature caused by MNB molecules bonded to Au mole-
cules and also to exposed, unbounded Au, both of which
are detectable because complete surface coverage cannot
be obtained. There is a clear shift in Ecutoff as a function
of pentacene thickness on both MNB-treated and un-
treated Au. The direction of shifts are opposite, however;
on MNB-treated Au the pentacene Ecutoff shifts towards
lower binding energy with increasing thickness, while
the opposite shift occurs for pentacene on untreated Au.
The Ecutoff shifts at maximum pentacene coverage
(25.6 nm) are �0.59 eV and 1.07 eV on MNB-treated and
untreated Au, respectively. These results indicate that the
vacuum level of pure pentacene is higher than that of
MNB-treated Au but lower than that of untreated Au, and
so a dipole is formed at each interface. The dipole has an
opposite direction in the two cases, however, which has a
direct effect on the device characteristics. The reversal of
the interfacial dipole as a result of the MNB–SAM treat-
ment of the Au comes about as a result of the change in
Au surface energy, and provides a direct indication of the
treatment’s effect on the electronic characteristics of the
device [22].
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The HOMO region (0–3 eV) is displayed in Fig. 5 on a
binding energy scale relative Fermi energy level (EF). Once
the pentacene thickness has reached 3.2 eV there is a clear
signal from the HOMO level. The gaps between EF and the
HOMO onset of pentacene can thus be determined to be
0.54 eV and 0.91 eV on MNB-treated Au and on untreated
Au, respectively. The reduction in the gap as a result of
the MNB–SAM deposition reflects the lowering of the
MNB-treated Au Pentacene 
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Fig. 6. Band diagrams of pentacene (a) on MN
height of the injection hole injection barrier, coinciding
with the reduced SS of the BC-TFT that was fabricated with
MNB-treated Au electrodes. In addition, the HOMO level of
MNB can be observed in the spectra of MNB-treated Au
without pentacene deposition (0.0 nm pentacene thick-
ness); it is found at 0.92 eV relative to EF and is indicated
with an arrow at Fig. 5a. The agreement between the
MNB and pentacene HOMO levels ensures that there is
Au Pentacene 
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an efficient coupling between the two, and that no hole
injection barrier exists at the pentacene/MNB interface
[23].

The information provided by the UPS spectra can be
summarized and interpreted in terms of the energy dia-
gram for pentacene/MNB/Au that is shown in Fig. 6. The
energy of the LUMO of pentacene was determined in rela-
tion to the HOMO level by adding the value of a previously-
reported HOMO–LUMO gap (2.2 eV) [24]. The ionization
potential (IP) of pentacene is determined from the UPS
spectra by using the following equation:

IP ¼ hv� Ecutoff þ EHOMO; ð3Þ

where hm indicates the incident photon energy of 21.2 eV,
and EHOMO is the onset energy of the HOMO level. Accord-
ing to the equation, the IP of pentacene on MNB-treated Au
and on untreated Au are 4.87 eV and 4.97 eV, respectively.
The slight decrease in the IP of pentacene on MNB-treated
Au is attributed to the increasing delocalization of p
molecular states.
4. Conclusions

We have investigated the influence of a MNB treat-
ment on the electronic characteristics of pentacene thin
film transistors fabricated with a bottom-contact struc-
ture. The I-V characteristics of the BC-TFT devices are
greatly improved by the treatment of the Au electrodes
with an MNB–SAM prior to the deposition of the penta-
cene active layer. The morphological and spectroscopic
investigations reveal a strong correlation between the en-
hanced electronic characteristics and the structural and
morphological changes brought about by the MNB–SAM
treatment. The treatment causes the pentacene layer on
the Au electrode to closely resemble that of the layer
deposited on the SiO2 gate dielectric, eliminating any
transition regions and accompanying barriers. The close-
packed grains and enhanced molecular order of the
pentacene film gives rise to the improvement of carrier-
transport characteristics, leading to more efficient device
performance. The presence of the MNB layer also reduces
the injection barrier at the interface between the elec-
trode and the pentacene, which improves the device per-
formance as well.
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