[2R2 Exflsks U H—FURI Y

Science Tokyo Research Repository

Od/dodn
Article / Book Information

Title Characterization of thiol-functionalized oligo(phenylene-ethynylene)-
protected Au nanoparticles by scanning tunneling microscopy and
spectroscopy

Authors Hyunmo Koo,Shinya Kano,Daisuke Tanaka,Masanori
Sakamoto, Toshiharu Teranishi,Gyoujin Cho,Yutaka Majima

Citation Appl. Phys. Lett., Vol. 101,

Pub. date 2012, 8
RL | tetsomionseogoenapiornas
oot | Copyrght (02012 American nstute of Physics

Powered by T2R2 (Science Tokyo Research Repository)


http://scitation.aip.org/content/aip/journal/apl
http://t2r2.star.titech.ac.jp/

Applied Physics
Letters N

Characterization of thiol-functionélized oIigo(phenerne-. thynylene)
protected Au nanoparticles by scanning tunneling microscopy and
spectroscopy

Hyunmo Koo, Shinya Kano, Daisuke Tanaka, Masanori Sakamoto, Toshiharu Teranishi et al.

Citation: Appl. Phys. Lett. 101, 083115 (2012); doi: 10.1063/1.4747720
View online: http://dx.doi.org/10.1063/1.4747720

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v101/i8
Published by the American Institute of Physics.

Related Articles

Nanoimprint-lithography patterned epitaxial Fe nanowire arrays with misaligned magnetocrystalline and shape
anisotropies
J. Appl. Phys. 113, 17B502 (2013)

Cross-sectional sizes and emission wavelengths of regularly patterned GaN and core-shell InGaN/GaN
quantum-well nanorod arrays
J. Appl. Phys. 113, 054315 (2013)

Embedded mask patterning: A nanopatterning process to fabricate FePt magnetic media
Appl. Phys. Lett. 102, 052406 (2013)

Nanostructured diamond-TiC composites with high fracture toughness
J. Appl. Phys. 113, 043505 (2013)

From circular to triangular alumina nanopore arrays via simple replication
Appl. Phys. Lett. 102, 021601 (2013)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

J A N l S Does your research require low temperatures? Contact Janis today.
Our engineers will assist you in choosing the best system for your application.

10 mK to 800 K LHe/LN; Cryostats
Cryocoolers Magnet Systems
Dilution Refrigerator Systems
Micro-manipulated Probe Stations

sales@janis.com  www. janis.com
Click to view our product web page.

Downloaded 07 Mar 2013 to 131.112.140.108. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1843727046/x01/AIP-PT/Hiden_APL_CoverPg_030613/1640x440_-_23874-BANNER-AD-1640-x-440px_-_USA.jpg/6c527a6a7131454a5049734141754f37?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Hyunmo Koo&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Shinya Kano&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Daisuke Tanaka&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Masanori Sakamoto&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Toshiharu Teranishi&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4747720?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v101/i8?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4794358?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4790710?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4791578?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4789004?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4775667?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 101, 083115 (2012)

Characterization of thiol-functionalized oligo(phenylene-ethynylene)-
protected Au nanoparticles by scanning tunneling microscopy and

spectroscopy

Hyunmo Koo, Shinya Kano,? Daisuke Tanaka,* Masanori Sakamoto,

3,5,6

Toshiharu Teranishi,>*® Gyouijin Cho," and Yutaka Majima’-%32)
'Department of Printed Electronics Engineering, Sunchon National University, Sunchon 540-742, Korea
*Materials and Structures Laboratory, Tokyo Institute of Technology, Yokohama 226-8503, Japan

3CREST-JST, Yokohama 226-8503, Japan

‘Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba 305-8571, Japan
>Institute for Chemical Research, Kyoto University, Uji 611-0011, Japan

SPRESTO-JST, Uji 611-0011, Japan

(Received 25 June 2012; accepted 8 August 2012; published online 23 August 2012)

The electrical properties of Au nanoparticles protected by thiol-functionalized oligo(phenylene-
ethynylene) (OPE), 1,4-bis-(3-mercapto-phenylethynyl)benzene have been investigated by scanning
tunneling microscopy (STM) and scanning tunneling spectroscopy (STS). The STM and scanning
electron microscopy images of chemisorbed OPE-protected Au nanoparticles on Au(111) surface were
similar, and the densities were almost identical. OPE-protected Au nanoparticles exhibited stochastic
conductance switching behaviors, and current-voltage (/-V) and log I-V characteristics by STS at
100K showed Coulomb blockade behaviors. The charging energy of Au nanoparticles was as high as
0.57eV when the core diameter was 2.1 nm. Our results are significant for single-electron transistor
memory applications. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4747720]

Oligo(phenylene-ethynylene) (OPE) derivatives have
attracted considerable attention owing to their potential
applications to molecular devices due to their small highest
occupied molecular orbital (HOMO)—-lowest unoccupied mo-
lecular orbital (LUMO) gaps in molecules (~3 eV),l synthe-
sis flexibility,”™® negative differential resistance (NDR),”'°
and stochastic conductance switching phenomena.”*''"'> In
particular, stochastic conductance switching phenomena
have been intensively investigated using scanning tunneling
microscopy (STM) because the origin of conductance
switching in single OPE molecule is important for realizing
single molecular switching devices. The origin of stochastic
conductance switching phenomenon has been interpreted as
the mobility of molecules,'? conformational changes in mol-
ecules,'® bond hybridizationj’l(”17 reductions in functional
groups,'® functional group rotation,'” backbone phenyl ring
rotations,20 and intermolecular interactions.?’

Au nanoparticles are one of the candidates for develop-
ing components of single-electron transistors because their
core diameters can be controlled by chemical synthesis to be
in the order of sub-nanometers, and the characteristics of Au
nanoparticles can be functionalized by choosing adequate
functional organic molecules as a ligand.**° Recently, our
group found that OPE functional molecules can be applied to
the ligand of Au nanoparticles and OPE-protected Au nano-
particles can be synthesized. Since these OPE-protected Au
nanoparticles have promising applications to solid-state devi-
ces, it is desirable to examine their electrical properties.

In this paper, we describe our investigations into the electri-
cal properties of OPE-protected Au nanoparticles by using
STM. The density of OPE-protected Au nanoparticles is
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discussed using STM and scanning electron microscopy (SEM).
Stochastic conductance switching behaviors of OPE-protected
Au nanoparticles are demonstrated by examining successive
STM images. By using scanning tunneling spectroscopy (STS),
we also demonstrate Coulomb blockade behaviors of OPE-
protected Au nanoparticles observed in the current-voltage (/-V)
characteristics at 100K of a double-barrier tunneling junction
(DBTJ) comprising tip/vacuum/OPE-protected Au nanopar-
ticles/Au(111). We also evaluate the charging energy of Au
nanoparticles and resistance of OPE ligands using orthodox
theory and set-point current dependence of the resistance.

Au nanoparticles protected by OPE ligands were synthe-
sized”” and used as Coulomb islands of the DBTJ. From the
transmission electron microscopy (TEM) image, the diame-
ter of the Au core was evaluated as 2.1 nm. The chemical
structure of the OPE ligand molecule is shown in Fig. 1(a).
The Au substrate was prepared on cleaved mica using a vac-
uum evaporation method. Before the evaporation, mica was
preheated at 580 °C for 11h to remove contamination. After
the thermal evaporation, the Au substrate was heated at
580°C for 2h to form a flat Au(111) surface. The substrate
was immersed in a 0.16 nM dimethylformamide (DMF) solu-
tion of OPE-protected Au nanoparticles for 10 min. Finally,
the substrate was rinsed with purified DMF to remove the
excess OPE-Au nanoparticles. The sample was then intro-
duced into ultrahigh vacuum STM [JEOL JSTM-4500 LT
(modified)]. Figure 1(b) shows the schematic image of the
DBT]J described in our work, which consists of a STM-tip/
vacuum/OPE ligand/Au core/OPE ligand/Au(111) surface.
The tunneling resistance R; between the STM tip and Au
nanoparticle can be varied by adjusting the set-point current,
while the resistance R, between the Au nanoparticle and
Au(111) substrate depends on the OPE ligands. All the STM
observations and STS measurements were carried out in the

© 2012 American Institute of Physics
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FIG. 1. (a) Chemical structure of thiol-functionalized OPE, 1,4-bis-(3-
mercapto-phenylethynyl)benzene, ligand molecule. (b) Schematic drawing
of the double-barrier tunneling junctions. Junction 1 is the tunneling barrier
between STM-tip and Au core, which consists of a vacuum layer and OPE
ligand, and junction 2 is the tunneling barrier between the Au core and
Au(111) surface, which consists of only the OPE ligand.

ultrahigh vacuum STM at 100K. An electrochemically
etched tungsten tip was used, and the STM images were cap-
tured in a constant current mode. In the STS measurements,
the sample bias voltage was swept within =2 V. The vacuum
gap between the STM tip and OPE-Au nanoparticle was con-
trolled by varying the set-point current from 10 pA to 1 nA.

To confirm the density of the OPE-protected Au nanopar-
ticles on the Au(111) surface, SEM observations were performed
by SU8000 (HitachiHigh-Tech, Japan), which use 200V as the
landing voltage to observe the 2.1 nm-diameter Au core.

Figures 2(a)-2(c) are the SEM images of the sample that
was prepared by immersion in the 0.16nM DMF solution of
OPE-protected Au nanoparticles for 10 min, and Figs. 2(d) and
2(e) are the STM images. Figures 2(b) and 2(c) are the magni-
fied images of the square areas (A and B, respectively) shown
in Fig. 2(a), and their image sizes are 150 x 150 and
100 x 100 nm?, respectively, and identical to those of Figs. 2(d)
and 2(e). The density of the OPE-protected Au nanoparticles in
the SEM image is almost between 20 and 50 nanoparticles per
100 x 100 nm?, and it is similar to that in the STM image. Con-
sequently, the bright spots in the SEM and STM images are con-
sidered to be OPE-protected Au nanoparticles, and their density
can be estimated by either of the two techniques, SEM or STM.

Figure 3(a) shows the STM image of OPE-protected Au
nanoparticles on the Au(111) substrate, which was obtained
with a sample bias voltage of —1.5V, set-point current of
10pA, and image size of 35 x 35 nm”. The images (labeled
as A—H) in Fig. 3(b) are successive images of OPE-protected
Au nanoparticles, which were acquired at 7-, 15-,25-, 32 -,
47 -, 59 -, and 80-min intervals after image A was acquired.
The stochastic switching phenomena of the OPE molecule
have been studied previously in structures consisting of sin-
gle and bundled OPE molecules in matrices of alkanethiol
monolayers,“l_14 Note that the stochastic conductance

Appl. Phys. Lett. 101, 083115 (2012)

FIG. 2. Comparison between SEM and STM images of chemisorbed OPE-
protected Au nanoparticles on Au(111) substrate. (a)—(c) and (d)—(e) are the
SEM and STM images, respectively, of the sample prepared by immersion in
a 0.16nM DMF solution of OPE-protected Au nanoparticle for 10 min. (b)
and (c) are magnified images of the square area (A and B, respectively) of (a).
The size of (b) and (d) is 150 x 150 nm? and the size of (c) and (e) is
100 x 100 nm?. The STM images for (d) and (e) were obtained with set-point
currents of 20 pA and sample bias voltages of —1.8 V and 1.5 V, respectively.

switching phenomena have been observed even in OPE
ligand-protected Au nanoparticles similar to OPE molecules.

In this study, referring to the high conductivity state as
“ON” (A of Fig. 3(b)) and the low conductivity state as “OFF”
(B of Fig. 3(b)), reversible switching between the ON and OFF
states occurred for 80 min (ON-OFF-ON-OFF states). Figures
3(c) shows a cross-sectional profile of the OPE-protected Au
nanoparticle shown as A and B in Fig. 3(b). The change in the
height of Au nanoparticles was observed as conductance
switching. Basically, the height information of Au nanoparticles
in the STM image reflects the diameter of the Au nanopar-
ticles.”® However, the height of the Au nanoparticles appears
smaller than the core diameter of Au nanoparticles in Fig. 3(c);
this can be attributed to stochastic conductance switching phe-
nomena, similar to those present in OPE molecules.

Figures 4(a)-4(f) show the linear plots and the corre-
sponding semi-logarithmic plots for the experimental /-V
characteristics (solid lines) of OPE-protected Au nanopar-
ticles. These /-V curves were acquired for OPE-protected
Au nanoparticles in the ON state by STS measurements at
100K, since these nanoparticles were observed by STM
images before and after the STS measurements. Coulomb
blockade behaviors were observed repeatedly for set-point
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FIG. 3. Stochastic switching behaviors of OPE-protected Au nanoparticle,
observed using STM. (a) STM images obtained with a sample bias voltage
of —1.5V, set point current of 10pA, and image size of 35 x 35 nm?. (b)
Successive STM images of single OPE-protected Au nanoparticle were
acquired at 7-, 15-,25-,32-,47-,59 -, and 80-min intervals from the image
A. (c) is the cross-sectional profile of the Au nanoparticle in Fig. 3(b) (black
solid lines and blue broken lines represent as A and B, respectively).

currents between 10 pA and 1 nA. The broken lines in Figs.
4(a)—4(f) show the theoretical curves fitted with the experi-
mental results using the orthodox theory.?>*62%3° The DBTJ
parameters comprise resistance R; and capacitance C,
between the STM tip and Au core, resistance R, and capaci-
tance C, between the Au core and Au(111) substrate, and
fractional residual charge Qg of the Au core, which can be
estimated by using the orthodox theory.?*~*°

The theoretical calculation process is shown as follows.
According to the orthodox theory in DBTJ, the tunneling
rate for the jth junction th (n), where the = refers to the for-
ward or reverse tunneling process across the junctions, can
be derived from a basic golden-rule calculation.?~"

1 —AE;

Iy :W l—exp(AE‘ji/kBT) ’

J

ey

where AEji is the energy change of the system when the
electron tunnels across the jth tunneling barrier.

AEJ-i can be obtained from electrostatic energy
considerations,

izé €4 _ +

AE; Q+QQ—W %p@ﬂ, 0))
N e e _

AEZ = m (E "_‘(ne — Q())+C‘1‘/>7 (3)

where e is the unit charge and V is the sample bias voltage.
The ensemble distribution of the number of electrons on the
nanoparticle o(n) is obtained by noting that the net probabil-
ity for making a transition between any two adjacent states
in steady state is zero as

Appl. Phys. Lett. 101, 083115 (2012)
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FIG. 4. Tunneling current versus sample bias voltage characteristics in
STM-tip/vacuum/OPE ligand/Au core/OPE ligand/Au(111). (a)—(f) show
the linear plots and the corresponding semi-logarithmic plots. Solid lines
represent the experimental results and broken lines represent the theoretical
1(V) curves calculated using the orthodox theory. The values of the evaluated
parameter are as follows: (a) C;=0.039aF, C,=0.062aF, R, =71 GQ,
R, =12 GQ, and Q= —0.06¢; (b) C;=0.053aF, C,=0.079aF, R, =194
GQ, Ry=11 GQ, and Qy=—0.023¢; (c) C;=0.084aF, C,=0.15aF,
Ri=446 GQ, R,=15 GQ, and Qy=-0.15¢; (d) C,=0.056aF,
C,=0.067aF, R, =32 GQ, R,=10 GQ, and Q,=-0.06le; (e)
C;=0.045aF, C,=0.091aF, Ry =219 GQ, R, =8 GQ, and Q;,=0.147¢;
(f) C,=0.068aF, C,=0.046aF, R, =175 GQ, R,=75 GQ, and
Qo=0.114e, where e is the unit charge.

o(n)[T (1) + T3 (n)] = o{n+ [Ty (n+ 1) + Ty (n+ 1),
“4)

where o(n) is subjected to the normalization condition,
S oln) = 1.

Considering Egs. (1)—-(4), the total current through
DBT]J is given by

]

1V)=e¢ Y oI5 (n) ~ T3 (n)]
=) o -T{W]. 6

In Figs. 4(a)—4(f), the theoretical /(V) are shown as bro-
ken lines, which were numerically calculated by Eq. (5). The
theoretical curves are fitted to the onset of the first Coulomb
steps in the experimental STS results. The estimated DBTJ
parameters are shown in the caption of Fig. 4. It notes that
the experimental results agree well with the theoretical I(V)
curves within the sample bias voltage region between —1
and 1 V. On the contrary, the experimental results sometimes
larger than the theoretical /(V) curves due to a nonlinearity
of /-V characteristics with respect to the sample bias voltage
region higher than *1.0 V.%¢
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Considering the mirror image of a point charge model
between a charged sphere and a conducting plate, the capaci-
tance between the Au nanoparticle and conducting plate of
the Au substrate (or the STM tip) is proportional to 4mege,r,
where ¢ is the dielectric constant of vacuum; ¢, the relative
dielectric constant; and r, the diameter of the Au nanopar-
ticle.”*2%3! If we assume the relative dielectric constant of
vacuum (¢, =1) and r=1.05nm, the estimated capacitance
between the Au nanoparticle and conducting plate (C) is
0.12aF. The electrostatic charging energy of the Au nano-
particle is E.= ¢*/2 Cs, where Cy is the sum of the capaci-
tances of the DBTIJ. If Cyx is assumed as 2 C, the estimated
E.is 0.34eV. The experimental average E. for 22 of the STS
measurements is 0.57 eV, which is of the same order as the
estimated value of 0.34 eV. Because E, is considerably larger
than the thermal fluctuation kg7 (~9 meV), Coulomb block-
ade behaviors are clearly observed at 100K in Figs. 4(a)—
4(f). Since the charging energy of 0.57 eV is 20 times greater
than kgT at room temperature, there exists the possibility
that this OPE-protected Au nanoparticle can be used as a
Coulomb island in the single-electron transistor operating at
room temperature.?®

Figure 5(a) shows the relationship between R; and the
set-point current (/). The solid straight line represents the
measurement conditions when /Ry =2 V. In Fig. 5(a), R,
is inversely proportional to /i, which indicates that the dis-
tance between the STM tip and Au core is dependent on
It Figure 5(b) shows the relationship between R, and /..
The solid straight line represents the R, value when
IR =2V (R{/R,=1), and the dotted straight line repre-
sents the R, value when IR; =0.04V (R{/R,=50). If the
R1/R, ratio is less than 50, the R, value can be defined by
fitting the theoretical curve to the experimental /-V curve,
especially at the onset of the first Coulomb steps of both
bias voltage polarities. We have reported the R, depend-
ence of alkanethiol-protected and basic-ligand-protected
Au nanoparticles previously and demonstrated that the R,
value is independent of I, when R{/R, > 1.2°3% The con-
stant value of R, is determined by the ligand molecule
between the Au core and Au(111) substrate on the basis of
the DBT]J structure in Fig. 1(b). In Fig. 5(b), R, is independ-
ent of I, when I, <20pA and dependent on I, when
I > 50 pA. Hence, R, of the OPE ligand molecule is deter-
mined to be 15.0 GQ from the average value of R, when
I <20pA. When I >50pA, the R, value is inversely
proportional to /g, which indicates that the STM tip con-
tacted the OPE-protected Au nanoparticle. Since the height
of the OPE-protected nanoparticle at the OFF state is lower
than that at the ON state, the conductance of the OFF state
should be smaller than that of the ON state. The R, evalua-
tion at the OFF state and the applications of OPE-Au nano-
particles to single-electron transistors will be reported in
the next paper.

In this paper, we have described our investigations into
the electrical properties of chemically synthesized Au nano-
particles protected by OPE ligand molecules. Stochastic con-
ductance switching behaviors were observed in the case of
chemisorbed OPE-protected Au nanoparticles by STM anal-
yses; this is similar to the behavior of individual OPE mole-
cules. Coulomb blockade behaviors were also observed in

Appl. Phys. Lett. 101, 083115 (2012)
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FIG. 5. Set-point current (/s¢) dependence of tunneling resistances (a) R,
and (b) R, for OPE-protected Au nanoparticles. Open and closed circles
represent the evaluated values of Ry and R,, respectively. (a) Solid line indi-
cates the power law Ryox1/l;,, when IRy =2V. (b) The solid and the
dashed lines show the power law relationship /Ry =2V (R{/R,=1) and
IRy =0.04V (R{/R,=50), respectively. The average values of R, for
OPE-protected Au nanoparticles are 15 GQ when /., < 20 pA.

current-voltage (/-V) and log I-V characteristics by STS
analyses at 100K; the charging energy of Au nanoparticle
was estimated to be 0.57eV when the core diameter was
2.1nm. The resistance of the OPE ligand molecule was
15 GQ in the ON states. Our results are significant for appli-
cations to single-electron transistor memories operating at
room temperatures due to the stochastic switching of the
OPE ligand molecules.
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