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a b s t r a c t

The electronic properties of azobenzene-derivative ([4-(phenylazo)phenoxy]hexane-1-
thiol) molecular junctions were studied in terms of their molecular configurations with
vertical device structure as solid-state device platform. This molecule has two distinct
molecular configurations (trans- and cis-isomer) depending on the wavelength of irradiat-
ing light, which converts from more thermodynamically stable trans-isomer to cis-isomer
under UV exposure (�365 nm) and reversible photoisomerization of cis-isomer to trans-
isomer under visible light (400–500 nm). The two states showed that the conductance of
cis-isomer (compact form) was higher than that of trans-isomer (extended form). From
the temperature-variable electrical characterization, the main charge conduction mecha-
nism for the two isomers was found to be tunneling. And, from the transition voltage spec-
troscopy analysis and ultraviolet photoelectron spectroscopy measurement, the origin of
such result can be explained by reduction of molecular tunneling distance between two
isomers.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

The understanding and control of charge transport
through metal–molecule–metal junctions is a key factor
for the realization and implementation of molecular elec-
tronic components, such as transistors, diodes, and
switches in semiconductor-based electronic circuits [1–3].
Molecular switches are addressed by an electric field, exter-
nal light, or chemical reactions between two states [4–6]. In
particular, molecular switching phenomena operated by
conductance changes on exposure to an external light
source have been studied due to their advantages including
easy addressability, fast response time, and good thermal
stability [7]. Azobenzene derivatives are some of the most
frequently investigated molecular candidates for photoin-

duced switching applications. They can be interconverted
from trans-isomer to cis-isomer upon ultraviolet (UV)
irradiation (�365 nm) and also interchanged from cis-iso-
mer to trans-isomer upon exposure to visible light (400–
500 nm), which is known as trans-cis photoisomerization
[8,9]. The photoisomerization of azobenzene derivatives
has been performed by various methods. For example, the
conductance switching of thiolated azobenzene self-assem-
bled monolayers (SAMs) on Au(111) was studied by
conducting atomic force microscopy (CAFM) [10]. This phe-
nomenon was caused by the conductance changes of the
trans- and cis-isomers on exposure to different wave-
lengths of light; a higher conductance of the cis-isomer
than that of the trans-isomer was reported and explained
by the difference in tunneling distances. Moreover, the
trans-cis photoisomerization of azobenzene-derivative
molecular junctions on a Au(111) surface was demon-
strated using scanning tunneling microscopy (STM) [11].
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However, in terms of more practical device applications, so-
lid-state device structure is more preferable to CAFM or
STM testbeds [12]. Furthermore, with CAFM or STM tools,
it is not trivial to perform temperature-variable electrical
characterizations to investigate charge conduction mecha-
nisms, and it is generally difficult to determine the actual
contact junction area. Therefore, a more comprehensive
study based on a statistical analysis of the electrical proper-
ties induced by conformational changes in azobenzene-
derivative molecules using a solid-state device structure
is important for understanding the conduction mechanism
and for more practical device applications.

In this study, we report the electrical properties of
azobenzene-derivative ([4-(phenylazo)phenoxy]hexane-1-
thiol) molecular junctions in which the azobenzene moiety
is linked to an alkanethiol (with six carbon atoms). Specifi-
cally, we studied the photo-induced conductance changes
between the trans- and cis-isomers of this molecule through
statistical analysis. The absorption spectrum was deter-
mined by UV–Vis spectroscopy to confirm the conforma-
tional changes between trans- and cis-isomers by an
external light trigger. In addition, temperature-variable
electrical characterization and transition voltage spectros-
copy analysis were performed to understand the charge
transport mechanisms in both isomers.

2. Experimental

As schematically described in Fig. 1a, the molecular
junctions were fabricated on a p-type Si (100) substrate
covered by a thermally grown 6000 Å-thick SiO2 layer. Con-
ventional optical lithography was used to pattern the bot-
tom electrodes prepared from Au (800 Å)/Ti (50 Å) using
an electron-beam evaporator. Photoresist (PR) (AZ1512)
was spin-coated on top of the bottom electrodes for electri-
cal isolation. After isolation, square holes with side length
of 30–100 lm were created through PR layer by optical
lithography to expose the Au bottom electrodes. The de-
vices with PR patterns were then annealed for at least 2 h
at 180 �C to make the PR layer insoluble in ethanol during
the formation of self-assembled monolayers (SAMs) on
the Au bottom electrode. We used an azobenzene-deriva-
tive ([4-(phenylazo)phenoxy]hexane-1-thiol) consisting of
two phenyl rings linked by an N@N double bond. These azo-
benzene-derivative molecules have two distinct isomers:
trans- (extended form) and cis-isomer (compact form)
depending on the wavelength of irradiating light (Fig. 1d).
We prepared trans- and cis-isomer devices in the following
way. First, SAMs (�1 mM) of trans-isomer were formed on
the Au bottom electrode in a nitrogen-filled glove box with
an oxygen level less than �10 ppm for 1–2 days under vis-
ible light irradiation (400–500 nm). After the formation of
trans-isomer azobenzene SAMs, several devices were
illuminated by UV light (365 nm) in a darkroom for one
hour, a period of time sufficient to guarantee a complete
conformational change from the trans- to cis-isomer. Next,
poly(3,4-ethylene-dioxythiophene) stabilized with poly
(4-styrenesulphonic acid) (PEDOT:PSS) was spin-coated
onto the tops of all devices to prevent electrical shorts
between bottom Au electrode and a deposited Au top
electrode [13,14]. The Au top electrode was deposited

through a shadow mask using the electron-beam evapora-
tor, which acted as a self-aligned etching mask during the
removal of exposed PEDOT:PSS. Finally, the remaining PED-
OT:PSS outside the junctions was removed by reactive ion
etching using O2 gas.

The current–voltage (I–V) characterization of the fabri-
cated molecular devices was carried out using a probe sta-
tion and a semiconductor parameter analyzer (HP4155A)
in ambient air at room temperature. And, the temperature
variable I–V characterization was also performed in a cryo-
stat system (ST-100 from Janis Co.) at the temperature
ranging from 77 to 290 K. The absorption spectra of the
azobenzene-derivative molecules in chloroform were char-
acterized by using a UV–Vis spectroscopy measurement
(PerkinElmer Lambda 750).

3. Results and discussion

3.1. photo-induced isomers

The photo-induced isomers of azobenzene derivatives
are distinguished by the different physical and optical
properties of the two configurations (trans- and cis-iso-
mers), which can be observed through changes in their
respective absorption spectra, dipole moments, refractive
indices, and molecular conformations [15,16]. Before fabri-
cating molecular devices, we measured the absorption
spectra of the azobenzene derivative in chloroform to
confirm the conformational changes upon external light
irradiation. Fig. 2a shows the absorption spectra of our azo-
benzene derivatives in chloroform using UV–Vis spectros-
copy. Generally, the absorption spectra of azobenzene
derivatives are characterized by two distinct band peaks
consisting of an intense band peak near 350 nm (UV
region) and a weak band peak between 400 and 450 nm
(visible region) [17]. The absorption transition near
350 nm is denoted as the pp⁄ transition, which represents
the rotation motion of the upper phenyl ring at the site of
the N@N double bond for the trans-cis photoisomerization
process. The absorption transition between 400 and
450 nm is denoted as the np⁄ transition, which represents
the inversion motion of the upper phenyl ring at the same
site [18]. The np⁄ transition is known to be prohibited for
the trans-isomer, but it is allowed for the cis-isomer [19].
However, although the np⁄ transition of the trans-isomer
is originally forbidden, a small amount of np⁄ transition
peak is observed due to vibronic coupling between the
np⁄ and pp⁄ states [19].

In the trans-isomer, the two band peaks near 350 nm
and between 400 and 450 nm were observed by UV–Vis
spectroscopy (the blue curve in Fig. 2a). The pp⁄ transition
peak is relatively dominant compared with the np⁄ transi-
tion peak. After the trans-isomer was irradiated with UV
light for 90 min in a darkroom, the intensity of the np⁄

transition peak increased because the np⁄ transition is
allowed for the cis-isomer, and the pp⁄ transition peak de-
creased (however, it was still intense compared with the
np⁄ transition peak). From this photo-induced transition,
we estimated the ratio of trans- to cis-photoisomerization
from the spectra in solution. From the ratio of absorbance
peak between trans- and cis-isomers at �350 nm, the
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trans- to cis-isomerization was found to be �63%. This va-
lue suggests that all of the trans-isomers in solution are not
completely changed to cis-isomers.

Furthermore, we investigated the conformational
changes from the cis- to trans-isomer for the azobenzene
derivative. Inset of Fig. 2a shows the evolution of the
absorption spectrum of the cis-isomer (red curve) with
visible light (�412 nm) exposure at 10-min intervals. The
pp⁄ transition peak of the cis-isomer increased and the
np⁄ transition peak decreased upon visible light irradia-

tion. After an hour of visible light irradiation, the cis-iso-
mer was completely converted back into the trans-
isomer. Note that the solvent of chloroform may evaporate
during the UV–Vis measurement, but the effect of solvent
evaporation would be negligible at least during the period
of our measurement time, because the two isosbestic
points did not change noticeably.

To elucidate the trans-cis photoisomerization behavior
of azobenzene derivative on Au surface, it is necessary to
confirm the conformational changes by external light. The

Fig. 2. (a) Absorption spectra of trans- (blue) and cis- (red) isomers in chloroform. Inset shows the evolution from cis- to trans-isomer upon visible light
(�436 nm) exposure. The two green circular symbols represent the isosbestic points. (b) The evolution of water contact angle of the trans-isomer (blue
symbols) and cis-isomer (red symbols) on Au substrate after UV (�365 nm) and blue light (�412 nm) irradiation, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 1. (a) The process flow of device fabrication. (b) Photographic and SEM images of molecular junctions. A total of 128 junctions with square holes and
side lengths of 30–100 lm are formed; BE and TE (yellow) denote the bottom and top electrodes, respectively. (c) Cross-sectional high-resolution SEM
image of a molecular junction. (d) Molecular configurations of the trans- and cis-isomers. (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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evolution of the water contact angle on Au surface of
azobenzene SAMs was monitored as a function of external
irradiation wavelengths in Fig. 2b. Before UV light irradia-
tion (�365 nm) on SAMs, the contact angle of pristine SAMs
was about 81 ± 0.4�. After UV light irradiation for 90 min in a
dark room, the contact angle decreased to 78 ± 0.6�, which is
attributed to the trans- to cis-isomerization [21]. And, after
subsequent visible light irradiation (�412 nm) for 90 min,
the contact angle increased to 91 ± 4� due to cis- to trans-
isomerization.

Also, we conducted the repeatable cycling measure-
ments and confirmed the water contact angle values were
reproducible for two cycles. This difference of water
contact angle on trans- and cis-isomer on Au surface is
mainly attributed to different top contact group and dipole
moment [22]. The top contact group of trans-isomer is con-
stituted by hydrophobic CH3 group. In the cis-isomer, the
azo (N@N bond) or phenyl group is exposed by UV light
irradiation. Therefore, the surface wettability for two
isomers is different.

3.2. Electrical properties and charge transport mechanism

Using the metal–molecule–metal device structure
shown in Fig. 1, we statistically studied the electrical
properties of the two isomers. Fig. 3a shows the current
density–voltage (J–V) characteristics of the trans- and cis-
isomer-based molecular junctions. We plotted the J–V
curves for �50 molecular junctions of each isomer in
Fig. 3a. The important point is that the current densities
of the cis-isomer junctions were higher than those of the
trans-isomer junctions. To statistically compare the electri-
cal characteristics of the trans- and cis-isomers, histograms
of the logarithmic current densities (log J) at 1 V were plot-
ted for both isomers, as shown in Fig. 3b. The histograms of
the trans- and cis-isomer did not overlap (except for slight
tails) and had distinct ranges of current density. The repre-
sentative current densities were determined as the mean
values of Gaussian fittings of the histograms and were
found to be �0.93 and 3.21 A/cm2 for the trans-isomer
and cis-isomer junctions, respectively. It is noted that the
photoisomerization from trans- to cis-isomer might be
suppressed in SAMs as compared with that in solution

because the azobenzene derivatives in self-assembled
monolayers are highly densely packed and subsequently
there is lack of free volume in the interior of the monolay-
ers [20]. Therefore, it is considered that the ratio of photo-
isomerization in SAMs may become smaller than that in
solution.

Because the junction areas were different in our case
(with side lengths of 30–100 lm), we considered the prod-
uct of the resistance (R) and area (A), i.e., RA (=R � A), to be
a junction-area-compensated quantity [23]. The obtained
resistance-area products RA of the trans- and cis-isomers
were well distributed, as shown in the inset of Fig. 3b.
The average RA values were determined to be (4.73 ±
2.20) � 104 and (1.40 ± 0.40) � 104 X cm2 for the trans-
and cis-isomers, respectively.

To investigate the conduction mechanisms of the trans-
and cis-isomers, a temperature-variable characterization
was performed. Fig. 4a shows an Arrhenius plot [ln(J) ver-
sus 1/T] with curves at different biases ranging from 0.6 to
1.0 V in increments of 0.1 V. The temperature was varied
from 77 to 290 K in increments of 40 K. For the trans-iso-
mer (top of Fig. 4a), there were no significant changes in
the slopes of the Arrhenius curves as the temperature
was varied. This temperature-independent behavior indi-
cates that the main charge transport mechanism in the
trans-isomer is a tunneling in the measured bias range
[24]. For the cis-isomer (bottom of Fig. 4a), the Arrhenius
plot also showed a negligible temperature dependence
(except for a very slight dependence at high temperature),
suggesting that the overall conduction mechanism in the
cis-isomer is also tunneling. If tunneling is the main con-
duction mechanism, the junction current density varies
exponentially with the distance of tunneling pathway.
The current density (J) for the molecular junction is
described as:

J ¼ J0 exp ð�b dÞ ð1Þ

where J0 is a constant, d is the tunneling distance, and b is
the tunneling decay factor that represents charge transport
efficiency through the molecules [25].

The molecular tunneling distances of the trans- and cis-
isomers between the two electrodes were estimated using
the Cambridge Scientific Chem3D software at 22.73 and

Fig. 3. (a) J–V curves on a logarithmic scale for trans-isomer (blue) and cis-isomer (red). The symbols and error bars represent the average and standard
deviation of the current density for all the measured devices (�50 devices for each isomer case), respectively. (b) A histogram of J at 1 V for the trans- and
cis-isomers. The solid lines are Gaussian fitting curves. The inset shows the distribution of the resistance-area products (RA) for the trans- and cis-isomers.
(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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19.81 Å, respectively. Details of the determination of the
molecular tunneling distances for the trans- and cis-iso-
mers are provided in Fig. S2 in the Supplementary Data.
Because the current density of the molecular tunneling
junctions obeys (Eq. (1)), we plotted a semilog plot of the
current density versus molecular tunneling distances for
the trans- and cis-isomers, as shown in Fig. 4b. The esti-
mated tunneling decay factor b was then obtained from
the slopes [25] and found to be 0.41 ± 0.10 Å�1 at different
biases. The observed b value in our study is similar to pre-
viously reported values in the literature [26,27]. Note that
there is a variation in tunneling distance between the two
electrodes because of defects in molecular layer [28] and

imperfect interconversion of the molecules. Therefore,
the experimental values of J are log-normally distributed
as shown in Fig. 3b, and the estimated decay constant (b)
represents the averaged degree of decay in our molecular
junctions.

It is useful to analyze the tunneling transport with a
conventional energy band model [29,30]. In the tunneling
regime, when the applied bias is less than the barrier
height (V < UB/e), charge transport exhibits direct tunnel-
ing (DT), and the barrier shape appears as a trapezoidal
shape. On the other hand, when the applied bias is larger
than the barrier height (V > UB/e), the charge transport is
the field emission (or Fowler-Nordheim, FN) tunneling,

Fig. 4. (a) Arrhenius plot [ln(J) versus 1/T] for the trans- and cis-isomers at different voltages ranging from 0.6 to 1.0 V (0.1 V step). (b) A semilog plot of J as
a function of molecular tunneling distance (d) for the trans- and cis-isomers at different voltages. The slopes represent the tunneling decay factor b
(�0.41 Å�1).

Fig. 5. (a and c) Representative plots of ln(I/V2) versus (1/V) for the trans- and cis-isomers. The arrows indicate the transition point from DT to FN tunneling
for the trans- and cis-isomers. (b and d) The statistical histograms of transition voltage (VT) for the trans- and cis-isomers.
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and the barrier shape appears as a triangular shape [29].
The important point is that the transition of the charge
transport from DT to FN tunneling accompanies an inflec-
tion in a plot of ln(I/V2) versus (1/V) [30]. This inflection
point is called the transition voltage (VT), and this
technique is termed transition voltage spectroscopy (TVS)
[29,31]. The TVS method provides useful information about
the location of the frontier molecular orbital (the highest
occupied molecular orbital (HOMO) or lowest unoccupied
molecular orbital (LUMO)) with respect to the Fermi level
of the electrodes. Therefore, from the analysis of VT by
TVS characterization, one can estimate the energy offset
between a metal electrode’s Fermi energy and the frontier
molecular orbital, which provides an estimated value of
the barrier height (UB); note VT may not be identical to
UB. Plots of ln(I/V2) versus (1/V) for the trans-isomer (blue
curve) and the cis-isomer (red curve) are shown in Fig. 5a
and c, respectively (here, the applied bias was from 0 to
1.5 V). In the low-bias regime, this plot exhibits a logarith-
mic decay in the DT transport regime. Between the two
charge transport regimes, an inflection point in the plot
of ln(I/V2) versus (1/V) was observed (indicated by arrows).
This inflection point is the transition voltage (VT); it was
determined to be �1.25 V for both the trans- and cis-iso-
mers (a small difference in VT for the two isomers is within
the error range). Fig. 5b and d shows statistical histograms
for the VT values of the trans- (22 devices) and cis-isomers
(16 devices); Statistically, the VT value was determined to
be 1.24 ± 0.03 for the trans-isomer and 1.25 ± 0.03 V for
the cis-isomer. This suggests that the energy offset, i.e.,
the barrier height (UB), is also similar for both isomers
regardless of the conformational change [32]. Note that
the difference of conductance between the two isomers
has also been reported in terms of the changes in their
molecular electronic properties [33] (The details are
described in the Supplementary Data).

To probe the positions of the HOMO levels of the SAMs
on Au, we performed ultraviolet photoelectron spectros-
copy (UPS) for each isomer. The UPS method has been used
to estimate the work functions of metals and the HOMO
levels of organic thin films [34,35]. We observed no signif-
icant difference between the HOMO levels of the trans- and
cis-isomers on an Au substrate from the UPS measure-
ments (for details, see Fig. S3 in the Supplementary Data).
The UPS measurement result indicates that the electronic
structure (HOMO level) of our molecule did not change
on conversion from the trans- to the cis-isomer, meaning
that the barrier height was also similar for the two isomers.
Therefore, based on our study, we suggest that the main
origin of the higher conductance of the cis-isomer is the
difference in the molecular tunneling distance rather than
the barrier height. This was confirmed by the fact that the
VT values of the trans- and cis-isomers are indeed similar:
�1.25 V (Fig. 5).

4. Conclusions

In conclusion, we performed a statistical study on the
electrical characteristics of an azobenzene-derivative
molecular junction in a solid-state device platform. This

molecule was reversibly converted from its trans- to cis-
isomer by irradiation with UV light (�365 nm) and from
its cis- to trans-isomer with visible light (400–500 nm).
The conductance of cis-isomer (compact form) was higher
than that of trans-isomer (extended form). From the tem-
perature-variable electrical characterization, transition
voltage spectroscopy analysis, and ultraviolet photoelec-
tron spectroscopy measurement, the current density
difference between the two isomers can be explained by
the reduction in the molecular tunneling distance through
the molecules sandwiched between the two electrodes.
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