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Single-electron tunneling in a single PbS nanocrystal nucleated on 11-
mercaptoundecanoic acid self-assembled monolayer at room temperature
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Nanometer-sized PbS particles in the size of about 3 nm produced by exposing a self-assembled
monolayer of 11-mercaptoundecanoic acid salts on ¢bld) substrate in a b8 atmosphere were
studied by scanning tunneling microscop$TM) and high-resolution transmission electron
microscopy at room temperature in air. The stability of thus-obtained PbS nanoparticles makes STM
imaging possible and repeatable scans of the semiconductor nanoparticles were performed. The
current-voltage [(—V) characteristics of a single PbS nanoparticle exhibited clearly Coulomb
blockade and Coulomb staircase. Furthermore, by varying the gap between a STM tip and the PbS
nanoparticle, we also verified the dependence of staircase width on the change of the gap in the local
|-V characteristics on the same PbS nanoparticle. The phenomena can be well described by a
semi-classical double-barrier tunneling model. 2001 American Institute of Physics.
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Single-electron tunnelingSET) phenomena have at- the SAM coupling layer is shown in Fig(d). It is seen that
tracted long-standing interest due to their potential applicaalmost all of the PbS nanoparticles are oriented roughly in
tion in future single-electron devicés® The phenomena the same direction, which probably implies the long-range
have been investigated in many nanostructures, in which arder of the SAM on Au111). The apparent mean diameter
small metal or semiconductor island, the so-called “Cou-0f the PbS nanoparticles was measured by section analysis
lomb island,” is coupled to an external circuit through two from 100 the PbS nanoparticles as shown in Fig) 1o be
tunnel junctiong:® In order to observe the SET behavior at 3.2£0.4nm. To further verify the formation of the PbS
room temperature, the size of the center island should usianoparticles, we also synthesized PbS nanoparticles on
ally be reduced down to be less than 10 nm to meet th&TM gold-tip apex using the similar method. Thus-modified
requirement that the charging energy of a quantum dot mudU tips can be directly used for TEM observation. Figure
exceed the thermal energeC>kT~26meV). Ordered 1(b) demonstrates a TEM image of the apex region of the
organic monolayers have proven to be versatile as template¥*M/PbS-modified gold tip, on which a singlte4 nm sized

for the formation of smaller inorganic nanocrystals with aPbS nanoparticle was clearly observed. The lattice constant

high degree of monodispersity. Up to now, various semiconPetween the planes was found to be 0.34 nm, very consistent

ductor nanoparticles have been synthesized by employing tH’éith that of Pb$111}(d=0.3429 nm).

methodology. However, most of the studies used Langmuir— Tzetl_ll dchg:s(:t'frlsstl_;fé of 3 si)nglle PtbS nanrc])partlcllle
Blodgett (LB) monolayer or multilayer self-assembly were detected wi € mode by locating a chemically

films’ as templates, and only a few rep8rigere focused etched gold STM tip over a chosen PbS nanoparticle about 3

nm in size. Due to the long-term scanning stability of the

on directly nucleating semiconductor nanoparticles on onl . . .
y 9 b ysample, it is possible to measure a serie$-0¥ character-

one _Iaye_zr of organic s_elf-assembled monolaygr. In this COMistics with the respect to thedisplacement of the tip. In Fig.
munication, we describe a strategy for growing PbS nan

0= . .
2, we display such -V curves as a function of the tunnel
particles on the Au(11l) substrates modified by 11- play

_ : current setpoint, in which clear Coulomb blockade and stair-
mercaptoundecanoic acid self-assembled monolé§&M).  4qeq are found. For clarity, the correspondintglV curves

Then, a single thus-obtained PbS nanoparticle was directhy,ore a1so0 plotted in Fig. 2, which show a series of equi-
used to construct a double-barrier tunneling junctibBTJ)  gistant peaks. The average distance between two adjacent
system with a scanning tunneling microsci®TM) tip. peaks was found to be dependent on the setpoint current,
The preparation method has been described previBuslyyarying from 240 to 160 mV with the setpoint current from 1

In this experiment, lead ions (PY) in Ph(NO,), solution o 4 nA. Corresponding electrostatic charging energy of the
were selected as adsorbed cations. A typical STM image ofystem is in a range of 120 to 80 meV, which is much higher
the PbS nanoparticles formed on a A1) surface through  than the thermal excitation energy at room tempera26
meV). The voltage steps allow us to estimate the tunneling

aAuthor to whom correspondence should be addressed. Electron maif@PacitanceCs, which was .found to bel fr0m76l-7
piiang@aphy.iphy.ac.cn X 10 °F to ~1.0x10 ®F with the setpoint variation.
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4.0 nu

2.0 nu

0.0 nu FIG. 1. (a) STM image of PbS nano-
particles formed on Au111) surface
and (b) high-resolution TEM image of

one PbS nanoparticle on Au tip apex.

Each is in the same ordefC=~2.9x10 'F, C  stepwidth of voltage at a given setpoint in a PbS system was
=4mrege,, erpos=17.9 as estimated from simple calcu- smaller than that in a CdS system, showing that the total
Iatio_n_ based on aspherical 3.0_nm siz_gd PbS nanopa_lrticle_. apacitance €y) at each setpoint in the former is much
addition, asymmetric shapes in positive and negative biagrger than that in the latter. Further analysis of the STM and
yoltage areas were also_ observed mlﬂq&' Curves, suggest- gy images of both systems revealed a bigger PbS nano-
ing that a nonzero fraction char@® might exist on the PbS e . . . )

article in size, which might be an origin of the difference.

nanoparticle. The occurrence of some wider peaks in th h th trv diff betw th
dI/dV-V dependences might indicate the existence of addi- urthermore, the geometry ditierence between the hahopar-

tional substructure smeared by higher temperature. ticle at the tip for CdS and that on the substrate for PbS

It is worth noting that similar phenomena have also beerNight contribute to the complicated behaviors. It is unclear
observed in our previous work, in which a CdS nanopartidélvhether the material factor can have an additional contribu-
was tethered on a STM tip for SET measuremén@Bom- tion. In-depth research is needed before the root can be dis-
pared with the present one, we found that each Coulomtinctly elucidated.
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FIG. 2. The Coulomb staircases observed at various setpoint tunneling currents on a selected PbS nanoparticle. The fittihipy saticcines are obtained
by the global best fitting in terms of semi-classical tunneling theory. The junction parameters for various setpoint curi@ntSax&.7x 10 °F, C,
=2.9x10F, R{=1200 MQ, R,=21MQ, Q,=-0.3, a=1. (b) C;=8.0x10 F, C,=2.9x10 F, R;=1020 MQ, R,=21MQ, Q,=0, a=1.
() C;=8.9x10"°F, C,=2.9x10 °F, R;=600MQ, R,=21MQ, Q,=0.3, a=1. (d) C,;=1.0x10 BF, C,=2.9x10 °F, R;=470MQ, R,
=21MQ, Qp=0, a=1, andT=298 K.
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FIG. 3. Plot of fitting parameters as a function of setpoint of current employed fdrtheurves shown in Fig. 3.

By considering the structure as a DBTJ system, we car\s shown in Fig. 3, it appears that a rapid decreade;iand
assume that the first junction is the air gap between the gold slightly increase irC, are found as the gap between the tip
tip and the PbS nanoparticle, and the second is the 1lland the PbS nanoparticle decreases, while the resisRnce
mercaptoundecanoic acid monolayer between the PbS nanand capacitanc€, between the PbS nanoparticle and the Au
particle and the Au111) substrate. Each junction has a ca- substrate remain constant at the same time.R{®, /R,C,
pacitance, an effective resistance, and a tunneling ratealues calculated from the fitting parameters fall in a range
associated with it, denoted by;, R;, andI’;, i=1, 2. In  between 77 and 132, suggesting the highly asymmetric prop-
such a DBTJ model, we find that varying the locked tunnelerty of the two tunnel junctions, which can be believed to be
current setpoint is in fact to change the asymmetry of thehe origin of Coulomb staircases.
structure, in which the second barrier is rigidly fixed, In summary, an ultra-small DBTJ system has been estab-
whereas the air junction can be adjusted by changing thished by combining self-assembly, situ chemical reaction,
vertical distance between the nanoparticle and the tip. Thereand STM techniques, in which a single PbS semiconductor
fore, moving the tip towards the PbS island can m&ke nanoparticle is employed as a center Coloumb island. When
increase so that results in the decrease of the Coulomb blocklacing a STM tip over the nanoparticle for lodatV mea-
ade AV=e/Cy) width and the increase of the correspond-surements, the clear Coulomb blockade and staircases have
ing staircase number. been observed at room temperature in air. Moreover, we have

Based on the previous discussion, a computer simulationlso found the vertical position dependéntV characteris-
was performed in terms of a semi-classical DBTJ m8d&. tics in the electrical measurements of the chosen PbS nano-
In order to reflect the nonlinear background and asymmetriparticle, which can be attributed to the systematic variation
nature in thd —V curves, we set a bias dependent resistancef junction parameters. The phenomena can be well de-
R(V)=Ry/(1+aV? (Ref. 12 into the general tunneling scribed by a semi-classical DBTJ theory. The studyl ek
rate I' at the double tunneling junctions and a fractionaldependence of a PbS nanoparticle on the horizontal position
chargeQ, in fitting procedure. As the partial derivatives of will be our next target. Anyway, this work may be of value in
I(T,V;C4,C,,R{,R,,Qg) cannot be represented analyti- fabricating nanoelectronic devices by diréetsitu chemical
cally, a best fit was obtained by allowing the capacitanceseaction method.
and resistances to be varied to find a global minimum in the
mean square deviation of a theoretit@V) calculation from
experimental results. Of course, reaching the global best fitH. Grabert and M. H. Devoret, EdsSjngle-Charge Tunneling, Coulomb
was time consuming. In the process, we limited the searchingg'o}gkiifrPf;e”ffgerﬂziri‘” (’;‘ag‘;s;gl;;??iegugnéu“&“;m% Tlrﬁi i
region in the range of overall slope b(f\/) curve. A coarse Uitrésmalflbe'vic'eqplem’jm; New York. 1'95)4 P
search over a wide range of the variables was performedwm. a. Kastner, NaturgLondon 389, 667 (1997).
before the fine search. The average stepwidth of voltages wa¥. R. Andreset al, Science272, 1323(1996.
used to determin€s . It can be seen from Fig. 2 that the °D. L. Klein, R. Roth, A. K. L. Lim, A. P. Alivisatos, and P. L. McEuen,

. . . Nature(London 389 699(1997.
experimental Coulomb staircaseV curves are fitted well. s, Shenton, D. Pum, U. B. Sleytr, and S. Mann, Nat(rendor) 389
However, some significant differences still exist in the dis- s585(1997.
tances of the steps between the calculated and the measuréti-glgekeley J. H. Fendler, and J. W. Kelly, J. Am. Chem. Sif1, 7266
curves, which may have resulted from 'gnoring the_ q_uantumgé. Jigﬁg, Z. F. Liu, and S. M. Cai, Appl. Phys. L€t6, 3023(1999.
size effect of the isolated PbS nanoparticle in the fitting pro-sg_ anna and M. Tinkham, Phys. Rev.48, 5919(1991).
cess. The tunneling resistanés and capacitanc&; ob-  °M. Amman, R. Wilkins, E. Ben-Jacob, P. D. Maker, and R. C. Jaklevic,
tained from the theoretical calculation are plotted as a func; Phys. Rev. B43, 1146(1991). _
tion of the setpoint current in Fig. 3. The comparison can K. Mullen, E. Ben-Jacob, R. C. Jaklevic, and Z. Schuss, Phys. R&V, B

. eEnE N 98 (1998.
help us to judge if junction parameters would vary sensi-zi y park, J. . Ha, W. S. Yun, M. Shin, K. W. Park, and E. H. Lee, Appl.
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