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Rubicene, a molecular fragment of C70, is a promising organic semiconductor material that 

displays excellent electronic characteristics for use in organic field-effect transistors (OFETs). 

Bottom-gate/bottom-contact polycrystalline thin-film OFETs using rubicene exhibit a 

saturation hole mobility of 0.20 cm2/V·s and a current on/off ratio (Ion/Ioff) of 1.0 × 104. In 

addition, the device performance can be improved with a mobility of 0.32 cm2/V·s and Ion/Ioff 

of 2.5 × 104 with pentafluorobenzenethiol (PFBT) self-assembled monolayer (SAM) treatment 

on Au electrodes. To characterize the interfacial electronic structure and morphology of 

rubicene on Au and PFBT/Au, ultraviolet photoelectron spectroscopy (UPS), theoretical 

calculation with density functional theory (DFT) and grazing incidence x-ray diffraction 

(GIXD) were performed. With PFBT SAM treatment, the hole injection barrier from Au to 

rubicene is significantly decreased from 1.15 to 0.48 eV due to the formation of a large 

interface dipole on Au that increased its work function from 4.33 to 5.67 eV. Furthermore, 

PFBT SAM treatment also induces an “edge-on” configuration of rubicene, which can lead to 

the increase in carrier mobility. These results indicate that rubicene can serve as a benchmark 

organic semiconductor for model charge transport studies and in various organic electronic 

devices. 

 

 

Introduction 

Molecular fragments of carbon nanotubes,1-4 graphene,5,6 and 
fullerenes7,8 have garnered interest due to their unusual optical 
and electronic properties. These fragments are of particular 
interest as they serve as model systems for understanding 
electronic structure, chemical reactivity, and charge transport. 
Cyclopenta-fused polycyclic aromatic hydrocarbons (CP-
PAHs), in particular, exhibit high electron affinities which are 
well suited for organic semiconductor applications due to the 
driving force to aromatize the cyclopentadiene by accepting an 
electron.9,10 Recently, new CP-PAHs such as 
indenofluorenes,11,12 emeraldicenes,13,14 and 
cyclopenta[hi]aceantrylenes,15 and even polymers have been 
synthesized and employed as electron-accepting and ambipolar 
materials for organic photovoltaics (OPVs) or OFETs.16-18  

As a fragment of C70, rubicene (C26H14) is another interesting 
CP-PAH. Compared to other fullerene derivatives, which have 
bowl like structures, rubicene has planar π-orbital surfaces that 
could provide increased intermolecular electronic coupling. 
Although rubicene has recently received interest as a potential 
material in electronic devices and its interface morphology on 
SiO2 was recently reported,19 no work has been published in 
any organic electronic devices. In this respect, we first 
determined the single crystal x-ray structure, followed by 
evaluation of the semiconductor properties of rubicene with the 

electrical measurements of polycrystalline thin-film OFETs. In 
addition, we further enhanced device performance with the 
introduction of pentafluorobenzenethiol (PFBT) self-assembled 
monolayer (SAM) treatment on Au electrodes. To characterize 
the interfacial electronic structure and morphology of the 
rubicene thin-film on Au and PFBT/Au, a comprehensive study 
using ultraviolet photoelectron spectroscopy (UPS), theoretical 
calculations via density functional theory (DFT) and grazing 
incidence x-ray diffraction (GIXD) was performed. In recent 
years, several studies on organic/PFBT SAM/electrode system 
have been reported.20-24 Most studies were carried out for 
solution-processed organic layer on PFBT/electrodes and the 
high work function and microstructure formation were 
presented. However, the comprehensive investigation for 
device characterization, electronic structure and morphology 
using OFETs, UPS, DFT and GIXD is still lacking, especially 
for thermally evaporated organic layer on PFBT/electrodes. 
Therefore, this study enabled us to show the excellent charge 
transport properties of rubicene as well as clarify the origin of 
the enhanced device performance of rubicene OFETs with 
PFBT SAM treatment in detail. 
 

Results and Discussion 

X-Ray Single Crystal Structure 
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Figure 1 shows the chemical structure of C70 and the crystal structure 
of rubicene. In Figure 1a, it is shown that rubicene (red-colored) is a 
molecular fragment of C70 and has two cyclopentadienes which can 
accept an electron through aromatic 4n+2 stabilization.15,25 The C2h 
symmetric planar structure of rubicene from x-ray crystallography 
analysis is depicted with an ORTEP representation in Figure 1b. In 
Figure 1c and 1d, the molecular packing of rubicene is viewed down 
the crystallographic b-axis and c-axis, respectively. The compound 
crystallizes in a monoclinic P21/n space group to form brilliant red 
needles with unit cell parameters of: a = 16.291 Å, b = 5.144 Å, c = 
19.056 Å, α = 90.00°, β = 97.02°, γ = 90.00°. When viewed along 
the c-axis, the molecules are π-stacked in two nonequivalent stacks 
that are nearly perpendicular to each other (ca. 84°) due to the 
occurrence of C-H…π intermolecular contacts. The molecules 
within a given stack are tilted ca. 47° with respect to the stacking 
axis, causing the molecules to assume a “staircase” structure.26,27 

The distance between two adjacent parallel molecules is 3.38 Å, and 
these short contacts provide an efficient pathway for charge 
transport.28  

Fig. 1 (a) The molecular structure of C70 showing the molecular fragment of 
rubicene (C26H14), (b) ORTEP representation of the crystal structure of 
rubicene as well as the planar view when rotated by 90°, (c) the molecular 
packing of rubicene as viewed down crystallographic b-axis, and (d) c-axis.  

Rubicene OFETs Characteristics 

Figure 2 shows the schematic configuration of bottom-
gate/bottom-contact (BGBC) OFETs used in this study (a) and 
the measured electrical characteristics of the untreated (b and c) 
and PFBT SAM-treated rubicene OFETs (d and e). In Figure 2b, 
the output curves of the untreated rubicene OFETs show well-
resolved saturation currents for several values of gate voltages 
(VGS) from 0 V to -60 V with -10 V steps. Figure 2c shows the 
corresponding transfer characteristics in which both the log and 
the square-root of drain current (IDS) were plotted as a function 
of VGS. According to the linear and saturation field-effect 
mobility equations of µlin = (L/WCiVDS)(∂IDS/∂VGS) and µsat = 
(2L/WCi)(∂IDS

1/2/∂VGS)2, we determined hole mobilities of 0.05 
cm2/V·s in the linear region and 0.20 cm2/V·s in the saturation 
region, and  a current on/off ratio (Ion/Ioff) of 1.0 × 104 at VDS = 
-60 V. The device performance is improved with the PFBT 
SAM-treated Au electrodes. Hole mobilities are enhanced to 
0.14 cm2/V·s in the linear region and 0.32 cm2/V·s in the 
saturation region, and Ion/Ioff is also raised to 2.5 × 104 at VDS = 
-60 V (Figure 2d and e). However, the threshold voltage (Vth) 
remains almost the same. In both the Au and PFBT SAM-
treated Au OFETs, large differences between µlin and µsat are 

observed, which would be attributed to non-ignorable contact 
resistance between the Au electrodes and the rubicene channel. 
With PFBT SAM treatment, the ratio of µsat to µlin is decreased 
from 4.0 to 2.3, implying that PFBT SAM treatment could 
decrease the contact resistance. In both the Au and the PFBT 
SAM-treated Au, little hysteresis is observed during the 
forward and backward bias sweep, which might indicate 
minimum trapped carrier (we remark the measurements were 
carried out with the default settings of a Keithley 4200-SCS 
analyzer and the dynamic instability of charge transport is 

ignored29). The measured electrical characteristics of rubicene 
OFETs from more than six devices are summarized in Table 1. 
The dependence of mobility on VDS and VGS is also plotted in 
Figure S1 of ESI†.  

Fig. 2 (a) Schematic configuration of BGBC OFETs (channel length and 
width L = 30 µm, W = 300 µm and the thickness of a SiO2 dielectric layer (Ci 
= 10 nF/cm2) = 300 nm) and output and transfer/square root of current 
characteristics of the untreated [(b) and (c)] and PFBT SAM-treated rubicene 
OFETs [(d) and (e)], respectively.  

 

Table 1. The field-effect mobilities in the linear and saturation regime (µlin 

and µsat), current on/off ratios (Ion/Ioff) and threshold voltage (Vth) of rubicene 

OFETs for comparison between the untreated Au and PFBT SAM-treated 

Au. All device characteristics were determined from more than six devices. 

 

Theoretical Electronic Characteristics of Rubicene 

To understand the origin of the high hole mobility and the 
enhanced device performance with PFBT SAM treatment in 
rubicene OFETs, the electronic structure and the morphology of 
rubicene on Au or PFBT/Au surfaces were investigated. Figure 
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3a and 3b show the wave functions of the lowest unoccupied 
molecular orbital (LUMO) and highest occupied molecular 
orbital (HOMO) of rubicene from DFT calculation. Although 
this theoretical calculation was carried out on a single molecule 
of rubicene, it approximates the electronic characteristics of its 
molecular solid film well due to the weak intermolecular 
interaction of organic semiconductors.30 Especially, in 
polycrystalline organic thin-film, which exhibits weaker 
intermolecular interaction than single crystal, the single 
molecular structure dominantly contributes in the electronic 
properties of the solid-state. However, the calculated LUMO 
and HOMO values in a single molecule could slightly differ 
from the experimental values from its molecular solid film due 
to a lack of the screening effect.31 Therefore, a qualitative 
analysis would be more pertinent. 

In the LUMO and HOMO, the wave functions are 
delocalized over the entire molecule and show that large planar 
π-orbital surfaces could give high intermolecular electronic 
coupling as previously suggested. The frontier energy levels of 
rubicene are highly electron withdrawing due to the 
cyclopentadienes. The calculated Kohn-Sham eigenvalues of 
the LUMO and HOMO levels are -2.54 and -5.29 eV and these 
values are located deeper than those of the conventional p-type 
semiconductors, such as tetracene (-2.09 and -4.87 eV), 
pentacene (-2.40 and -4.61 eV), α-sexithiophene (-2.20 and -
4.79 eV) and rubrene (-2.09 and -4.69 eV), at the same 
calculation level.32-34  

In comparison to other CP-PAH 
cyclopenta[hi]aceanthrylenes, the HOMO of rubicene is 

distributed over the entire anthracene backbone, whereas the 
HOMO of cyclopenta[hi]aceanthrylenes is relatively localized 
on the center of the anthracene backbone.15 This largely 
delocalized HOMO of rubicene and its π-stacking (Figure 1c 
and 1d) could result in more efficient hole transport, and it 
corresponds well to the high hole mobility shown in OFET 
results.  

Fig. 3 The wave functions and the Kohn-Sham eigenvalues of (a) LUMO, 
and (b) HOMO of rubicene from DFT calculation.  

Energy Level Alignments of Rubicene from UPS 

Figure 4a and 4b show the measured UPS spectra of the secondary 
electron cut-off (SEC) region and the HOMO region of Au, 
PFBT/Au, rubicene/Au and rubicene/PFBT/Au, respectively. For 
clear comparison, the spectra of the SEC region were normalized 
and Shirley-type background (contribution by inelastically scattered 
electrons) was removed from the measured HOMO region spectra. 
In the SEC region, the energetic difference between each onset 
implies the magnitude of the interface dipole (∆). The SEC of Au is 
seen at 16.89 eV, which corresponds to a work function (Ψ) of 4.33 
eV. This smaller work function than that of the clean Au (~5.2 eV) 
might originate from hydrocarbon contamination due to air-
exposure.35 These surface conditions are the same that would be 
used for OFETs. Upon PFBT SAM treatment on the Au substrate, 
the SEC is significantly shifted towards a lower binding energy by 

1.34 eV. Therefore, the substrate’s work function is conspicuously 
increased by the formation of the strong interface dipole with its 
positive pole (S atom) toward the Au surface.20,36,37 As the rubicene 
layer is deposited, the SEC is shifted towards a higher binding 
energy by 0.12 eV on untreated Au, while by 0.61 eV on PFBT/Au. 
The HOMO level of rubicene on Au is seen at 1.15 eV, while on 
PFBT/Au it is seen at 0.48 eV below the Fermi level (EF).  

To estimate the LUMO level of rubicene, we measured the energy 
gap (Eg) with ultraviolet-visible absorption (Shimadzu, UV-3600) on 
a 100 nm-thick rubicene film on a glass substrate (Figure 4c). The 
spectral onset is seen at 600 nm, which corresponds to an energy gap 
of 2.07 eV. The absorption spectrum of this thin film is red-shifted 
compared to that of the solution-state of rubicene in toluene,19 and 
the evaluated energy gap is more appropriate to estimate the LUMO 
level of rubicene used in solid-state electronic devices. This small 
energy gap would be also suitable for application in OPVs.  

The energy level diagrams of rubicene/Au and rubicene/PFBT/Au 
are illustrated in Figures 4d and 4e, respectively. The work function 
of Au is 4.33 eV, therefore, the hole injection barrier (Φh) from Au 
to rubicene is measured to be around 1.15 eV. However, after PFBT 
SAM treatment, the hole injection barrier is dramatically decreased 
to 0.48 eV, although rubicene shows a relatively larger interface 
dipole on PFBT/Au (∆ = 0.61 eV) than on Au (∆ = 0.12 eV). 
Therefore, this reduced hole injection barrier would greatly 
contribute to the increased hole mobility of rubicene OFETs with 
PFBT SAM treatment. We note that somewhat smaller ionization 
energy of rubicene on Au (5.37 eV) than that on PFBT/Au (5.54 eV) 
might be attributed to the different molecular orientation (details on 
molecular orientation will be discussed in the following GIXD 
section).24,38  

We additionally performed UPS measurements of rubicene on 
ITO substrates to ensure consistent ionization energy (IE) for 
rubicene (Figure S2 in ESI†). The evaluated ionization energy of 
rubicene on ITO is 5.57 eV. These ionization energies (5.5~5.6 eV) 
are similar to each other within experimental error. This higher 
ionization energy of rubicene than the conventional p-type organic 
semiconductors, such as pentacene (4.90 eV), α-sexithiophene (4.90 
eV) and copper phthalocyanine (4.95 eV),39-41 is experimentally 
ensured again and qualitatively corresponds to the above 
theoretically calculated HOMO value. Therefore, rubicene might be 
a candidate for ambipolar charge transport in OFETs or OPVs in 
terms of the frontier energy levels, and thus further study would be 
very promising. However, since the electron affinity of rubicene is 
~3.4 eV, electrodes with a low work function should be selected for 
efficient electron injection. In addition, a top-contact geometry 
should be also chosen for n-type OFETs with device stability. This 
will be explored in due course.  

Fig. 4 The measured UPS spectra of (a) the SEC region and (b) the HOMO 
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region of Au, PFBT/Au, rubicene/Au and rubicene/PFBT/Au and (c) 
ultraviolet-visible absorption spectrum of the rubicene film on a glass 
substrate and the energy level diagrams of (d) rubicene/Au and (e) 

rubicene/PFBT/Au.   

 
Morphology with GIXD 

 

Fig. 5 GIXD images of rubicene thin films on different substrates: (a) SiO2, 
(b) PFBT/Au/SiO2 and (c) Au/SiO2. On the SiO2 and PFBT/Au/SiO2 
substrates, the rubicene GIXD patterns can be indexed as the bulk crystal 
structure with the (001) planes largely parallel to the substrate. On these 
surfaces the molecular packing is predominantly “edge-on” (d). On the bare 
Au surface however, the grain alignment is more random, but there is also a 
texture of more to a “face-on” oriented grains relative to the Au surface (e).  

 
In polycrystalline thin films, the molecular packing is one of 
the most important factors determining the charge transport 
properties in the corresponding OFETs. The impact of the 
choice of substrate on the morphology of rubicene thin films 
was studied using GIXD. Figure 5a-c show 2D GIXD patterns 
of rubicene/SiO2, rubicene/PFBT/Au/SiO2 (PFBT SAM-treated 
Au substrate) and rubicene/Au/SiO2 (untreated Au substrate) 
that illustrate the differences in rubicene crystal grains on the 
different surfaces in Figure 5d and 5e. On all three substrates, 
rubicene grows in the monoclinic bulk crystal structure (a = 
16.291 Å, b = 5.145 Å, c = 19.056 Å, α = 90.00°, β = 97.02°, γ 
= 90.00°).  

On the SiO2 surface (Figure 5a), the diffraction pattern can 
be described by sets of Bragg rods of vertically aligned peaks. 
Despite a fair amount of arching in these peaks, which is 
indicative of orientational disorder in the grain orientation 
relative to the substrate surface, they can be indexed with the 
bulk structure oriented with its (001) plane parallel to the 
substrate surface (Figure 5d). The in-plane orientation of these 
grains is random, i.e. they form a 2D powder (indicated by 
rotation arrow in Figure 5d). With the (001) lattice planes being 
nearly parallel to the substrate, the molecules in the grains are 
packed in an edge-on configuration relative to the substrate.  

On the PFBT SAM-treated Au substrates (Figure 5b and 5d), 
the diffraction pattern is nearly identical to that on SiO2 with 
the exception of slightly more pronounced arching which 
means that the (001) planes are even less well aligned with the 
substrate planes than in the case of SiO2.  

Finally, on the bare Au substrate (Figure 5c and 5e), the 
rubicene diffraction pattern cannot be indexed by one specific 
crystal plane any longer and the grain orientation is far more 
random than in the SiO2 or PFBT/Au cases. Still there is some 
texture present indicating more face-on grains than in the other 
two substrates. This orientation of grains is less favourable than 
the edge-on orientation which might partially explain the lower 
mobility on Au than on PFBT/Au as well as the larger contact 
resistance on Au than on PFBT/Au.42  

Conclusions 

In summary, rubicene polycrystalline thin-film OFETs show a 
hole mobility of 0.20 cm2/V·s that can be further improved to 
0.32 cm2/V·s with the introduction of PFBT SAM treatment on 
Au electrodes. By UPS measurement, it is clearly shown that 
the hole injection barrier from Au to rubicene is significantly 
decreased with PFBT SAM treatment. In addition, GIXD 
measurement shows that PFBT SAM treatment induces an 
edge-on configuration of rubicene, which can lead to a higher 
hole mobility. Overall, the unique characteristics of rubicene, 
such as high hole mobilities, ambipolar valence energy levels, 
low energy gap, charge injection barrier and morphology on Au 
and PFBT/Au are presented in this study. Our investigation will 
expand the application possibility for use of rubicene in various 
efficient electronic devices as a p-type or an ambipolar 
semiconductor.  

Experimental Section 

Device fabrication and characterization  

In a BGBC geometric configuration, polycrystalline thin-film 
OFETs were fabricated using heavily p-doped Si wafer with a 
SiO2 dielectric layer (300 nm, Ci = 10 nF/cm2). 
Lithographically patterned substrates of channel length (L) = 30 
µm and width (W) = 300 µm were prepared by the sequential 
deposition of a Cr (5 nm) adhesion layer and Au (50 nm) 
source/drain electrodes with thermal evaporation under a high 
vacuum of ~1 × 10-6 mbar. The patterned substrates were 
ultrasonically cleaned with deionized water, acetone, and 2-
propanol sequentially for 10 min each. The substrates were 
finally dried with high purity nitrogen gas prior to deposition of 
rubicene. For PFBT SAM treatment on Au electrodes, samples 
were immersed in a 10 mM PFBT (Sigma-Aldrich) solution in 
2-propanol for 10 minutes, followed the recent reports.43-45 The 
Wudl group synthesized rubicene and we later purchased it 
from Acros Organics (MW = 326.40, 98 %) and further purified 
by several recrystallization from hot toluene. For the active 
layer, a 40 nm thin film of rubicene was deposited onto the 
BGBC substrates with thermal evaporation. The electrical 
measurements of these rubicene-based p-channel OFETs were 
characterized using a Keithley 4200-SCS probe station unit in 
ambient conditions at room temperature. 

Theoretical calculation with DFT 

For theoretical investigation on the molecular electronic 
properties of rubicene, DFT calculation on single molecule of 
rubicene was performed. The Becke-3 parameters exchange and 
the Lee-Yang-Parr correlation (B3LYP) hybrid functional with 
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a 6-31G(d,p) basis set implemented in the Gaussian 09 package 
was used.46-48 The molecular geometry was fully relaxed and 
the energetic minima was ensured by vibrational frequency 
analysis.  

UPS measurement  

UPS was carried out using an Omicron SPHERA hemispherical 
analyser and a He I (21.22 eV) excitation light source. To 
obtain the SEC, a sample bias of -3 V was applied in the normal 
emission geometry. The base pressure of the analysis chamber 
was 3 × 10-9 mbar. For the substrate, Au was thermally 
evaporated on the ITO-coated glass, and then a thin rubicene 
layer (6.0 nm) was deposited in a high vacuum chamber with 
the base pressure of 5 × 10-6 mbar at a rate of 0.1 nm/s. The 
thickness and deposition rates were monitored by a quartz 
crystal microbalance (QCM) calibrated by a surface profiler 
(KLA-Tencor, Alpha-Step IQ). To examine the effect of PFBT 
SAM treatment on the energy level alignment at the interface of 
rubicene/Au, we also prepared the rubicene thin film on the 
PFBT SAM-treated Au and conducted UPS measurement with 
the same procedure.  

GIXD measurement  

GIXD measurement was performed at beamline 11-3 Standord 
Synchrotron Light Source (SSRL) which operates at a fixed 
12.7 keV energy. The grazing incidence angle was kept fixed at 
0.12°. During the GIXD measurement, the samples were kept 
inside a He chamber to suppress the air scattering background, 
and a MAR345 image plate was used to collect the scattering 
signals. The peak indexing was done with house software that 
uses a Levenberg-Marquardt optimization to minimize the 
discrepancy between theoretical and experimentally measured 
peak positions. 
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