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 Interest in the fi eld of molecular electronics is grounded in 

the fact that devices based on molecules constitute the ulti-
mate device miniaturization limit that both inorganic- and 
organic-based electronics aspire to reach. [  1–10  ]  The non-linear 
current–voltage characteristics of molecular junctions have 
been extensively investigated with a variety of platforms and 
techniques, such as scanning probe microscope-based tech-
niques, [  10–13  ]  break junctions, [  5  ,  14–17  ]  crossed-wire tunnel junc-
tions, [  18–20  ]  and various solid-state device-based methods. [  4  ,  6  ,  21–25  ]  
Within these efforts, the creation of a stable solid-state mole-
cular junction has been a long-standing challenge in terms 
of understanding molecular charge transport mechanisms 
and practical device applications. Most fabrication techniques 
involve evaporating a metal onto the molecules as the top elec-
trode. [  21–24  ,  26  ,  27  ]  This process causes electrical short circuits and 
unstable and unexpected current–voltage characteristics due 
to fi lamentary paths and damage to the molecules. [  22  ,  23  ,  26–29  ]  
These inevitable uncertainties in the fabrication technique 
lead to relatively large variations in the junction conductance, 
despite the use of identical molecular components, and this 
is an obstacle for truly understanding molecular charge trans-
port mechanisms and device applications. New techniques and 
ideas have been developed to resolve this issue. [  4  ,  6  ,  21  ,  30  ,  31  ]  The 
fabrication of molecular junctions using a conductive polymer 
(PEDOT:PSS) between the top electrode and the molecules 
has been one of the most successful techniques in terms of 
high device yields and stable junctions. [  21  ]  Nevertheless, the 
use of a conductive polymer has some limitations and presents 
some uncertainties as a platform for physical-organic studies, 
because the properties of the interface between the polymer 
layer and the molecules are not well-understood. [  21  ,  30–33  ]  For 
example, it has been reported that the resistance of the mate-
rials fabricated using this technique is signifi cantly different 
to those of molecular junctions that do not have the polymer 
interlayer [  30–33  ]  due to poor contact between PEDOT:PSS and 
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the molecules. Additionally, the yield of the polymer-based 
junction system seems to depend on the type of isolating layer 
(photoresist or SiO 2 ) [  21  ,  33  ]  and on the molecular contact groups 
(hydrophilic or hydrophobic) [  21  ]  due to differences in the sur-
face tension. Because of these limitations, the PEDOT:PSS-
based molecular device approach may be limited in its ability to 
characterize the charge transport of molecular systems with a 
wide range of different contacts (hydrophilic and hydrophobic) 
and various molecular lengths. Therefore, although the fabri-
cation of PEDOT:PSS-based molecular electronic devices has 
been excellent for producing high-yield molecular devices, 
there is still a need to fi nd alternative solid-state molecular 
device structures beyond the PEDOT:PSS-based molecular 
structure. 

 Graphene is a ultra-thin two-dimensional sheet of covalently 
bonded carbon atoms with outstanding electronic properties, 
chemical stability and mechanical material properties. [  34–37  ]  It 
is considered to be a good electrode candidate for molecular 
junctions. Furthermore, large-area, conductive and fl exible 
graphene fi lms have been successfully synthesized, with the 
ability to patterning or creation of a desired size and shape of 
the fi lm. [  38  ,  39  ]  For this reason, graphene fi lms have the poten-
tial to play a crucial role as a conductive electrode for organic 
electronic devices. For example, many studies have reported 
graphene electrodes in organic-based devices such as memo-
ries, [  40  ]  fi led-effect transistors, [  41  ]  light-emitting diodes, [  42  ]  and 
solar cell devices. [  43  ]  

 In this paper, we introduce a new approach for fabricating 
reliable solid-state molecular devices using a graphene electrode 
as the top electrode and show that these devices have a resistance 
per molecule comparable to that of pure metal–molecule–metal 
devices. In particular, this new method produces excellent dura-
bility, thermal and operational stability, and device lifetimes. 
Additionally, the yield of graphene-based molecular devices was 
found to be approximately 90%, regardless of the properties 
of the isolating layer and the contact groups (hydrophobic vs 
hydrophilic). The properties of the interface between graphene 
and the molecules were statistically investigated. This new 
approach is a reliable platform for the practical characterization 
and application of molecular junctions. 

  Figure    1   shows schematic diagrams of the process of fabri-
cating molecular junctions using the molecular components 
investigated in this study. We chose alkyl-based molecules in 
our new device system because the transport behavior through 
alkyl-based molecules has been extensively investigated using 
various types of molecular systems. Many research groups 
have used alkyl-based molecules for their junction structures 
in scanning tunneling microscopy (STM), [  12  ]  conductive-
probe atomic force microscopy (CP-AFM), [  44  ]  nanogaps, [  14  ,  45  ]  
755bH & Co. KGaA, Weinheim wileyonlinelibrary.com 755
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      Figure  1 .     a) Deposition of alkanethiol SAM on the exposed Au bottom electrode. b) Alkanethiol SAM sandwiched between the Au bottom electrode 
and the graphene fi lm as the top electrode. c) The junction was completed by Au vapor-deposition through a shadow mask. d) SEM and TEM images 
of the devices: the right images show cross-sectional TEM images of the active and non-active regions of the molecular junctions. e) The four types of 
studied molecular systems along with their chemical structures: C8, C12, C16, and DC8.  
nanopores, [  24  ]  and microscale devices. [  21  ,  22  ]  From this point of 
view, the use of alkyl-based molecules is important and pro-
vides a clear criterion for whether any new device structure can 
be a good test platform for molecular systems. The alkanethiol 
molecular species used in our study were octanethiol (denoted 
as C8), dodecanethiol (C12), hexadecanethiol (C16) and 
octanedithiol (DC8) (Figure  1e ). After the alkanethiols were 
self-assembled on an exposed 4  μ m diameter Au-bottom elec-
trode (Figure  1a ), a multilayer graphene fi lm (thickness less 
than approximately 10 nm) was transferred to the substrate 
as the top electrode (Figure  1b  and cross-sectional transmis-
sion electron microscopy (TEM) images in Figure  1d ). We 
prepared multilayer graphene (MLG) fi lms by chemical vapor 
deposition (CVD) [  42  ]  (see the Supporting Information). The 
growth mechanism of CVD-grown graphene on the Ni fi lm 
is the segregation and precipitation of carbon atoms that are 
dissolved and saturated into the Ni fi lm at high temperature, 
forming a graphene fi lm during the cooling stage. [  46  ]  For uni-
form graphene growth by the CVD method, it is important to 
control the temperature, gas composition and cooling rate. In a 
previous work, we charaterized CVD-grown MLG fi lm and fab-
ricated electronic devices such as light emitting diodes, photo-
voltaic cells and transistors. [  42  ,  47  ,  48  ]  The MLG fi lms prepared at 
a growth temperature of 1 000  ° C showed a sheet resistance of 
around 600   Ω   per square and a transmittance of around 87% in 
the visible wavelength range. Also the thinnest graphene thick-
ness is typically around 1 nm from atomic force microscopy 
(AFM) images. Next, an Au layer was vapor-deposited on top 
of the graphene fi lms using a shadow mask at a low deposition 
rate (0.1 Å s  − 1 ) to reduce the sheet resistance of the graphene 
fi lms during electrical probing (Figure  1c ). The graphene inter-
layer electrode prevents the formation of electrical shorts and 
fi lamentary paths that would result from penetration of the 
Au top metal (TEM images in Figure  1d ). The fabrication of 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
the molecular devices was completed by reactive ion etching to 
remove the redundant graphene fi lms on the devices.  

 We fabricated and characterized a number of molecular 
devices to statistically analyze the molecular electronic proper-
ties. Based on statistical criteria, [  22  ]  we observed a remarkable 
improvement in the yield of working molecular devices using 
the graphene top electrode (yield of around 90%) compared 
to molecular devices without any interlayer (yield  <  2%). [  22  ,  49  ]  
The yield of PEDOT:PSS molecular junctions with an isolating 
layer of SiO 2  (hydrophobic) was found to be much smaller 
(yield  ≈  58%) [  33  ]  than those of devices using an isolating photo-
resist layer (hydrophilic) (yield  ≈  95%), [  21  ]  which is due to 
the difference in surface tension between the two cases. How-
ever, we demonstrate here that the yield of graphene-based 
molecular devices is not strongly affected by the properties 
of the isolating layer and top contact groups (hydrophobic 
vs. hydrophilic). We found high device yields for both C8 
(around 88%) and DC8 (around 98%) junctions, even with 
the SiO 2  isolating layer. The detailed yields of the working 
molecular devices are provided in Table S1 in the Supporting 
Information. 

  Figure    2 a  shows the statistical current density–voltage ( J – V ) 
data measured for the alkanemonothiol (C8, C12, and C16) and 
alkanedithiol (DC8) molecular junctions with graphene elec-
trodes. The error bars were obtained from the corresponding 
log-standard deviations of the individual working devices. 
These graphs show that the current density was exponentially 
dependent on the length of the alkanemonothiols. This result 
suggests that tunneling is the main conduction mechanism. [  22  ]  
Tunneling conduction was verifi ed by the temperature-
independent  J – V  characteristics (Figure S2 in the Supporting 
Information). [  22  ]   The  J – V  characteristics depend on the molecular 
length (C8, C12, and C16) and the graphene-molecule contacts 
(i.e., monothiol vs. dithiol). The difference in the conductances 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 755–760
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      Figure  2 .     a) Statistical  J – V  data for all C8, C12, C16 and DC8 molecular devices. b) A semi-
log plot of  J  at different biases versus the number of carbon atoms in the molecules of C8, 
C12 and C16 devices; the solid lines are the exponential fi tting results, which give   β   N  as a 
function of the applied bias (inset in Figure  2b ). c) A semi-log plot of the resistance per 
molecule ( R  mol ) versus the number of carbon atoms in the molecules of C8, C12, C16 and 
DC8 devices; the inset shows the experimental contact resistance ( R  o ), in which the grey 
arrows represent the range of the  R  o  values reported in the literature. [  32  ,  44  ,  49–51  ]  The symbol 
  Φ   W  (eV) represents the average work functions of the electrodes (around 4.8 eV for [Au/
graphene]).  
of C8 and DC8 (with C8 having a higher conductance than 
of DC8 junctions) cannot be explained by their typical metal–
molecule contact properties (physisorbed vs. chemisorbed 
contacts) at the Au-molecule contacts. [  22  ,  32  ,  44  ,  49–51  ]  Because the 
graphene electrode does not form a chemisorbed contact with 
thiol [–S], the difference in the conductance between the C8 
and DC8 junctions can only be explained by a difference in the 
properties of the physisorbed contacts corresponding to dif-
ferent contact lengths. Additionally, the DC8 self-assembled 
monolayer (SAM) has the same ordering structure (tilt angle 
and packing density) as the C8 SAM on Au (111) based on 
molecular-resolution STM images. [  52  ]  Thus, the conductance of 
the C8 junction is higher than that of the DC8 junction because 
of the shorter contact length in the C8 junction (contact length 
 d  [CH3/graphene]  for C8  <   d  [C-S/graphene]  for DC8). However, the fl uc-
tuation of the tilt angle and packing on the Au substrate could 
result in statistical variation in the conductance measurement.  

 The statistics obtained from a large number of working 
molecular junctions allowed for a better interpretation 
of the electrical transport through the molecular tunnel 
barrier. [  4  ,  6  ,  22  ,  30–33  ,  44  ,  49  ,  53  ]  Figure  2b  is a semi-log plot of  J  meas-
ured from 0.1 to 1.0 V as a function of the number of carbon 
atoms in the molecules. The tunneling current density  J  shows 
an exponential dependence [    J   ∝  exp(–  β   N  N )] on the number of 
carbons atoms ( N ) in the alkyl chain. [  21  ,  22  ,  30  ,  32  ,  44  ,  49–51  ]  The decay 
coeffi cient per carbon atom (  β   N ) was determined from linear 
fi ts at different biases.   β   N  refl ects the extent of the decrease in 
the wave function of the tunneling charge. This   β   N  is presented 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2011, 23, 755–760
as a function of the bias in the inset of 
Figure  2a . The value of   β   N  obtained was 1.06  ±  
0.14 C  − 1  (0.85  ±  0.11 Å  − 1 ), which is in good 
agreement with previously reported values 
for alkanethiol junctions. [  12  ,  22  ,  32  ,  44  ,  49–51  ,  54  ]  To 
compare our transport results to other data 
from the literature, we normalized the resist-
ance to the resistance per single molecule, 
 R  mol  (M Ω ) (Figure S3 in the Supporting 
Information). Here,  R  mol  is the resistance per 
molecule obtained from the linear fi t of the 
low-bias statistical current-voltage ( I – V ) data 
(–0.3 V  ≤   V   ≤  0.3 V) along with the molecular 
grafting density (around 4.60  ×  10 18  m  − 2  for 
alkanethiols) [  21  ,  50  ,  52  ]  and the junction area 
(1.26  ×  10  − 11  m 2 ). When  R  mol  is plotted as a 
function of the number of carbon atoms, the 
contact resistance  R  o  can be obtained from 
the length dependence of the resistance, as 
shown in Figure  2c . The contact resistance 
 R  o  for the Au–SAM/graphene junction was 
found to be approximately 7 M Ω , which is 
between the reported  R  o  values for Au–SAM/
Ag [  44  ,  51  ]  and Au–SAM/Au junctions [  32  ,  44  ,  49–51  ]  
(see also the inset of Figure  2c ). Generally, 
the  R  o  of alkanethiols depends on the work 
functions of the contact electrodes. [  44  ,  51  ]  
The work function of multilayer graphene 
ranges from 4.3 to 4.5 eV, as measured using 
the Kelvin probe technique in our study. 
When the top electrode’s work function 

of alkanethiols decreases due to the reduction 
increases, the  R  o  
in the hole injection barrier height (i.e., hole-type transport in 
alkanethiols). [  44  ,  51  ]   

 The durability, operational stability and device lifetime of 
molecular junctions are often neglected in many studies, but 
these factors are crucial for the practical application of molecular 
devices. [  6  ,  30  ,  31  ]   Figure    3 a  shows the  J – V  characteristics of the C8, 
C12, C16 and DC8 molecular junctions. The inset of Figure  3a  
shows the  J – V  curves for a C8 junction measured immediately 
after device fabrication and after being stored at ambient condi-
tions for 40 d. The original  J – V  characteristics were preserved 
without any deterioration during storage. Figure  3b  shows the 
operational stability results obtained by measuring  J  at 1.0 V 
(the black arrows in Figure  3a ) as a function of time. The value 
of  J  at 1.0 V was retained for 10 4  s (measurement interval  Δ  t   =  
100 s). Figure  3c  shows that the DC8 molecular devices also 
had good retention (without any signifi cant degradation) of the 
cross-measured positive current  I   +   (at 1.0 V) and the negative 
current  I   −   (at  − 1.0 V) for 10 4  s with a measurement interval 
 Δ  t   =  5 s. These results demonstrate the excellent reliability of 
the electrical characteristics of graphene–electrode molecular 
devices. The graphene interlayer produces highly stable mole-
cular junctions by effectively preventing the diffusion or forma-
tion of metallic fi laments through the molecular layers, even 
under repeated voltage stress conditions.  

 To demonstrate the quality of the contact and the thermal 
stability of the graphene-based devices, we compared the 
charge transport parameters (  J  and  R  mol ) and the thermal 
757eim wileyonlinelibrary.com 757
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      Figure  3 .     a) The  J – V  characteristics for representative C8, C12, C16 and DC8 molecular devices. The inset shows a DC8 device measured after fabri-
cation (solid line) and after storage at ambient conditions for 40 d (open circles). b) Retention characteristics of the molecular junctions in terms of 
the measured  J  at 1.0 V for 10 4  s (measurement interval  Δ  t   =  100 s). c) Retention characteristics of the cross-measured positive current (measured at  
+ 1.0 V) and negative current (measured at  − 1.0 V) for 10 4  sec with an interval  Δ  t   =  5 s.  
stability for DC8 molecular junctions according to the kind 
of top electrode (PEDOT:PSS, graphene and Au) based on the 
statistical analysis of working molecular devices.  Figure    4 a  
shows the histogram of current densities at 1.0 V on a loga-
rithmic scale, and Figure  4b  shows  R  mol  for different kinds 
of top electrodes. In these comparisons, we observed that the 
resistance for Au/DC8/graphene was slightly higher than that 
for Au/DC8/Au devices by less than one order of magnitude 
(Figure  4b ). Unlike the relatively poor contact between DC8 
and PEDOT:PSS (with much more resistance in the Au/DC8/
PEDOT:PSS case), the contact between graphene and DC8 was 
comparable to that between Au and DC8 (Figure  4a  and b). 
This difference can also be observed in different types of junc-
tion systems. For example, we observed that the  R  mol  (around 
10 G Ω ) for DC8/graphene devices was higher by 0.5–2 orders 
of magnitude than were CP-AFM and STM measurements 
using the same molecular types, due to the physisorbed con-
tact between graphene layers and DC8 molecules. [  12  ,  32  ,  44  ,  54  ]  
However, the  R  mol  of the devices with PEDOT:PSS was 
observed [  21  ,  32  ]  to be around around 10 3  G Ω , which is much 
higher than were CP-AFM and STM measurements, by 3–5 
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
orders of magnitude. Thus, it can be said that the junction con-
ductance of PEDOT:PSS-based molecular devices is limited by 
the low vertical conductance of PEDOT:PSS itself. [  55  ]  This leads 
to a diffi culty in characterizing the charge transport through 
short molecular lengths ( < 2 nm) in the PEDOT:PSS-based 
molecular system. [  30  ]  Therefore, the approach of graphene-
based molecular devices may be advantageous for character-
izing a wider range of molecular systems. 

 Figure  4c  shows the  R  mol  for the DC8 junction according 
to the type of top electrode (PEDOT:PSS and graphene) as 
a function of temperature from 290 to 383 K. The  R  mol  for 
the PEDOT:PSS-based DC8 device rapidly decreased with 
increasing temperature (323 to 383 K), which is consistent 
with previous results. [  56  ]  A phase change of the SAM by molec-
ular desorption or removal of the remaining water from the 
hydrophilic PEDOT:PSS/molecule interface has been reported 
to be the main cause of the rapid decrease in the  R  mol  values as 
the temperature increases. [  56  ]  On the other hand, the  R  mol  for 
the hydrophobic graphene-based DC8 device slowly decreased 
with increasing temperatures. This result indicates that the 
graphene-based device has greater thermal stability than the 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 755–760
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      Figure  4 .     a) Histogram of logarithmic current densities at 1 V for working molecular devices according to the kind of top electrode (PEDOT:PSS, 
graphene, or Au). b) The resistance per molecule  R  mol  values for these molecular junctions. c) The  R  mol  values for Au/DC8/PEDOT:PSS and Au/DC8/
graphene devices as a function of increasing temperature.  
PEDOT:PSS-based device, and this factor can be advantageous 
for operating molecular devices over a wide range of tempera-
tures while maintaining the original transport properties. 

 In summary, we have demonstrated a new technique for 
fabricating a solid-state molecular junction with graphene as 
the top electrode with a high yield of the working molecular 
devices. As compared with earlier PEDOT:PSS-based molecular 
devices, graphene-based devices may have potential advantages 
in terms of proper charge transport characteristics in molecular 
systems with a wide range of variable lengths and different con-
tacts (hydrophilic and hydrophobic). Additionally, the electronic 
coupling of graphene to the molecules seems to be better than 
that for PEDOT:PSS and molecules, resulting in a better contact 
conductance. In particular, we demonstrated good durabilities, 
thermal and operational stabilities, and device lifetimes of the 
graphene-based molecular junctions, all of which are crucial for 
the practical application of molecular devices.        
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