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Room-temperature single molecular memory
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Single molecular memory operation was observed on a porphyrin derivative by scanning tunneling
microscopy at room temperature. A porphyrin derivative with four disulfide groups was chemically
synthesized and chemisorbed on a Au(111) surface. Coulomb blockade behaviors and switching
behaviors in current-voltage (/-V) characteristics were observed on a single porphyrin derivative by
scanning tunneling spectroscopy. Based on the switching behaviors, the memory operation of
electrical conductance in the porphyrin derivative was demonstrated by applying a programmed
pulse sequence with an on/off ratio of 2.9 at room temperature. © 2012 American Institute of

Physics. [doi:10.1063/1.3679127]

Molecular switching behaviors have attracted much
attention because of their potential application for molecular
solid-state devices.! Various molecular switching phenomena
have been reported, for example, in catenane-rotaxane inter-
locked molecules,” oligo(phenylene-ethynylene) (OPE),>*
and fullerene.>® Molecular switching behaviors by porphyrin
derivatives have been especially studied toward the realiza-
tion of molecular switches.” The origin of the switching
behaviors has been attributed to, for example, adsorption ge-
ometry,8 conformational changes of mole:cules,9 and
reduction-oxidation reactions.'®'" For practical applications
of a single molecular switch in solid-state devices, observa-
tion of single molecular switching behaviors under room tem-
perature (RT) conditions is one of the most important issues;
however, almost all single molecular switches have been
demonstrated at low temperature. Porphyrin derivatives with
multiple thiol groups as a clip to the Au surface have been
reported.'>'? Thiol-derivatized porphyrins have a covalent
immobilization with the Au surface, and they are expected to
apply to molecular devices.

Here, we report the single molecular switching properties
of a single porphyrin derivative at room temperature. We syn-
thesized a Cu(Il) complex of porphyrin derivatives, Boc-Por-
SS1(Cu), which have disulfide groups in four substituents as
four clips to the Au(111) substrate. The detail of synthetic
procedure is shown in supplementary material.'"* We demon-
strate the conductance switching properties of a single Boc-
Por-SS1(Cu) molecule on Au(l11) by ultra-high-vacuum
scanning tunneling microscopy (UHV-STM) and scanning
tunneling spectroscopy (STS) at RT. This phenomenon is dis-
cussed on the basis of the fractional residual charge (Q,) on
the molecule with Coulomb blockade behavior. We also
demonstrate the memory effect of Boc-Por-SS1(Cu) in a two-
terminal electrode between the STM tip and the Au(111) sur-
face by application of a programmed pulse sequence.

The sample preparation methods are as follows. The Au
substrates were formed on a freshly cleaved mica surface by
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vacuum thermal evaporation. The Au substrates were flame-
annealed and quenched in ethanol before use to form a
Au(111) surface on mica. Boc-Por-SS1(Cu) were deposited
onto the Au(111) surface by immersion in an ethanol solution
for 2h. After molecular deposition onto the Au surface, the
substrates were introduced into the UHV-STM (JEOL: JSTM-
4500). The tungsten (W) STM tips were electrochemically
etched in potassium hydroxide (KOH) water solution and
were cleaned by electron beam bombardments in the UHV-
STM chamber before use. The STM images were obtained at
sample bias voltages in the constant-current mode. During
STS measurements, the STM tip was held at a fixed position
above the sample surface without feedback control. All meas-
urements in this paper were carried out under RT, and the vac-
uum pressure was maintained at ~10~° Pa.

Figure 1(a) shows the schematic molecular structure of
the Boc-Por-SS1(Cu) and Fig. 1(b) shows the schematic STM
images of the sample structure with a single Boc-Por-
SS1(Cu). The structural compatibility of the molecule to the
surface was confirmed via Gaussian 09 calculation.'” This
molecule has four substituents, consisting of four disulfide
groups oriented downward and fert-butoxycalbonyl groups
oriented upward relative to a porphyrin ring plane. Because of
the interaction between the disulfide groups and the Au atoms,
Boc-Por-SS1(Cu) is expected to be chemisorbed coplanar onto
Au(111) via four gold-thiol bonds and the porphyrin ring plane
of Boc-Por-SS1(Cu) has a gap of ~0.6nm from the Au(111)
surface. Therefore, the coupling between the m-conjugated mo-
lecular orbital and the Au(111) surface is expected to be less
than that of the typical porphyrin molecule on the Au(111) sur-
face, and there exists a tunneling barrier between Boc-Por-
SS1(Cu) and the Au(111) surface. According to a previous
report, tetrakis-3,5di-z-butylphenyl-porphyrin (H,-TBPP) sand-
wiched between two SiO, insulative layers works as a Cou-
lomb island in double-barrier tunneling junctions.'®

Here, the capacitance of the organic molecules for Cou-
lomb islands was regarded as the capacitance between a
sphere conductor and a planar electrode,

C = 4ne,€prF, (1)

© 2012 American Institute of Physics
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where ¢, is the relative dielectric constant (1.0 for vacuum), ¢,
is the vacuum dielectric constant (8.85 x 10~'? F/m), r is the
radius of the porphyrin ring of Boc-Por-SS1(Cu) (0.5 nm), d is
the distance between the porphyrin ring plane and the
Au(111) surface (0.6nm), and s is defined as s = d/r + 1.1
Both r and d values are estimated from the optimized molecu-
lar structure. By using this equation, the capacitance of the
Boc-Por-SS1(Cu) as a Coulomb island is estimated to be
0.072 aF. The electrostatic charging energy of the Coulomb
island is U = ¢*/2Cs, where Cs is the sum of the capacitances
of the double-barrier tunneling junctions. Here, Cy is assumed
to be 2C. The charging energy of Boc-Por-SS1(Cu) is calcu-
lated to be 0.56 eV, and this value is 20 times larger than the
thermal fluctuation kgT at RT (x0.026¢V). Therefore, Boc-
Por-SS1(Cu) has potential to work as a Coulomb island in this
system even at RT.

Figure 2(a) shows a three-dimensional STM topographic
image of Boc-Por-SS1(Cu) chemisorbed onto Au(l11).
Though some bundles exist, a single Boc-Por-SS1(Cu) is sta-
bly observed on Au(111) (represented as bright points of di-
ameter around 3nm). Figure 2(b) shows the typical [-V
characteristics of a single Boc-Por-SS1(Cu) with bidirec-
tional voltage sweep between —2.5 and +2.5V at RT by
STS. The suppression of current near zero sample bias volt-
age is clearly observed in the log /-V curves (semilog plots),
similar to RT Coulomb blockade behaviors using 1.8-nm Au
nanopa.rticles.18 Moreover, switching phenomena have been
observed in the /-V characteristics of a single Boc-Por-
SS1(Cu) on a Au(111) structure during a continuous voltage
sweep. STS measurements over Au(111) did not show any
Coulomb gap or switching characteristics (not shown). These
results strongly support that Boc-Por-SS1(Cu) can work as a
Coulomb island of a double-barrier tunneling junction at RT.

The switching phenomena can be interpreted as a
change in the fractional residual charge Q, in the double-

Appl. Phys. Lett. 100, 053101 (2012)

FIG. 1. (Color online) (a) Molecular struc-
ture of Boc-Por-SS1(Cu). (b) Schematic
image of single molecular double-barrier
tunneling junctions, which consist of
the W STM tip/vacuum/Boc-Por-SS1(Cu)/
Au(111) surface.

barrier tunneling junctions. In previous papers, it was
reported that Qg affects the /-V curves, shifting them quasi-
continuously along the voltage axis in the middle of a volt-
age sweep.'®?° In Fig. 2(b), the theoretical fitting curves
derived from the “orthodox” theory for the double-barrier
tunneling junction system are shown as two curves.'®!'%?!
The theoretical fitting curves agree well with each experi-
mental curve, and the /-V curves change with the shift in Q.
These results indicate that the change in Qy affects /-V char-
acteristics in double-barrier tunneling junctions and Q, can
be the origin of switching phenomena in /-V curves.

0Oy on the Coulomb island can be modulated by the gate
voltage in SETs with three-terminal electrodes.”> When Qg
is modulated on the molecule between two-terminal electro-
des by a certain applied electrode voltage, this device can op-
erate as a rewritable single molecular memory.

(b) 10!
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FIG. 2. (Color online) (a) STM image of individual Boc-Por-SS1(Cu)
chemisorbed on a Au(111) surface. The scan size is 40 x 40 nm> The set-
point current is 40 pA at a sample bias voltage of —1.8 V. STS measure-
ments in (b) were carried out at the position indicated by the arrow. (b) I-V
characteristics measured over single a Boc-Por-SS1(Cu) by STS. (c) Semilo-
garithmic plots of (b). In (b) and (c), the open circles represent /-V character-
istics of the voltage sweep direction from positive to negative, and the
closed circles represent I-V characteristics of the voltage sweep direction
from negative to positive. Both theoretical curves are calculated by using the
parameter values C; =0.046 aF, C, =0.057 aF, and R;/R,=1.7. Solid lines
(Qp=0.09¢) and broken lines (Qp = 0.24¢) are the theoretical fitting curves
derived from orthodox theory for first sweep and second sweep, respectively,
where e is an unit charge.
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FIG. 3. (Color online) Memory operation of a single Boc-Por-SS1(Cu) by
STM. (a) STM image of Boc-Por-SS1(Cu). The scan size is 40 x 40 nm>.
The set-point current is 30 pA at a sample bias voltage of —2.5 V. All meas-
urements in (b) and (c) were carried out at the location indicated by the
arrow. (b) Semilogarithmic plots of /-V characteristics measured over a sin-
gle Boc-Por-SS1(Cu) in (a). (c) Top: Write, read, and erase voltage pulse
sequence applied to a single Boc-Por-SS1(Cu). Writing, reading, and erasing
voltages are +1.0, —1.5, and —2.5V, respectively. Bottom: Tunneling cur-
rent response following the voltage pulse sequence.

Figures 3(a) and 3(b) show the STM image and the /-V
characteristics by STS measurements of other single Boc-
Por-SS1(Cu). The size of Boc-Por-SS1(Cu) looks larger than
that of Fig. 2(a) because the STM image strongly depends on
the STM tip condition and the STM tip conditions differed.
The switching behavior is different from that of Fig. 2(b)
because O, changed during the sample bias voltage sweep-
ing. Figure 3(c) shows the memory operation of Boc-Por-
SS1(Cu) triggered by a programmed pulse sequence, which
was applied to the STM tip over a single Boc-Por-SS1(Cu)
without feedback control. The voltages of writing, erasing,
and reading are +1.0, —2.5, and —1.5V, respectively, as
determined from the /-V characteristics in Fig. 3(b). Single
molecular switching behavior by a programmed pulse
sequence using STM has been observed in the response of
tunneling current between the STM tip and the Au(111) sur-
face. The high conductive state (on state) and low conductive
state (off state) were controlled by writing and erasing volt-
age pulses, respectively. By applying certain voltages, we
can modulate the Coulomb blockade by changing Q,. The
average values of the on-state current and the off-state cur-
rent are —77 and —27 pA, respectively. Therefore, the cur-
rent on/off ratio is estimated to be 2.9; this value is of the
same order as those of previous reports of single molecular
memory by STM not only under RT but also under cryogenic
temperature.®*?>>* Consequently, these results suggest that
single molecular memory can work by using a porphyrin de-
rivative placed between two-terminal electrodes at RT.

In conclusion, we have demonstrated that a synthesized
porphyrin derivative shows Coulomb blockade behaviors
and switching behaviors of electrical conductance by STM at
RT. Voltage-triggered memory operation has also been dem-
onstrated by monitoring tunneling current. These behaviors
can be attributed to a change in the fractional residual charge
Qo on the molecules. These results show that an organic mol-
ecule that works as a Coulomb island is one possible candi-

Appl. Phys. Lett. 100, 053101 (2012)

date for application of two-terminal molecular memory
devices.

The numerical calculations of Gaussian 09 were carried
out on TSUBAME2.0 at the Global Scientific Information
and Computing Center of Tokyo Institute of Technology.
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