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Single-electron transistors have the potential to become next-generation nanodevices and sensors

owing to their small size, low power consumption, and high charge sensitivity, where the charging

energy of the devices is the most important parameter determining the operational temperature.

Here, we have demonstrated that the charging energy of single-electron transistors can be

controlled (48 6 4 meV) by adopting electroless gold plating to make separation-defined nanogap

electrodes and employing size-controlled chemically synthesized Au nanoparticles (5.2 6 0.5 nm)

as a Coulomb island. At this charging energy, the devices can be operated up to 160 K with on/off

current ratio of 60%. VC 2012 American Institute of Physics. [doi:10.1063/1.3676191]

The continuous miniaturization of silicon-based transis-

tors promotes research on single-electron transistors (SETs)

which have a conceptually different operation principle from

field-effect transistors and thus have the potential to be inte-

grated with higher density and lower power consumption.1 A

single-electron transistor consists of two electrodes (source

and drain) with a nanometer-size gap separation, a Coulomb

island, and a gate electrode. When the charging energy of the

system by adding one electron onto the Coulomb island is

considerably larger than the thermal energy, electron tunnel-

ing is suppressed by Coulomb blockade.2 In order to operate

an SET, the charging energy should be sufficiently large com-

pared to the thermal energy, i.e., the charging energy is the

most fundamental parameter that determines the operation

temperature. Although numerous SET fabrication methods

have been reported thus far by using silicon technology,3,4

carbon nanotubes,5,6 and metal Coulomb islands,7–13 control

of the charging energy remains an important subject from a

viewpoint of practical application. Here, we show that our

fabrication method using size controlled nanoparticle

(5.2 6 0.5 nm) and nanogap electrodes can provide the well-

controlled charging energy (48 6 4 meV).

Our SET fabrication methods are based on a combination

of electron beam lithography, electroless plating,14–16 and

adsorption of synthesized Au nanoparticles (NPs),17 which

allows us to fabricate many SETs in parallel.17 The nanogap

electrode is covered by an octanethiol (CH3(CH2)7SH) self-

assembled monolayer (SAM). Decanedithiol (HS-(CH2)10-

SH) molecules are inserted into the defect site of the SAM or

by substitution with an octanethiol molecule,18 on which dec-

anethiol (CH3(CH2)9SH)-protected chemically synthesized

Au NPs are adsorbed. Details of SET fabrication and electron

transport measurement are described in the supplementary

information.17

A scanning electron microscope (SEM) image of a fabri-

cated SET and its equivalent circuit are shown in Figs. 1(a)

and 1(b), respectively. Numerous bright spots on the electro-

des correspond to Au NPs with a diameter of 5.2 6 0.5 nm.17

Between the nanogap electrodes, we see a single NP marked

by an arrow, which is located closer to gate1 than gate2.

When the differential conductance (dI/dV) of the SET at a

temperature of 9 K is plotted as functions of the drain voltage

and gate voltage, we see three cycles of Coulomb diamonds

(Fig. 1(c)). Note that the current modulation is observed only

for gate1 and not for gate2, because the NP cannot be electri-

cally coupled with gate2 owing to the screening by the

source and drain electrodes (Fig. 1(a)). For the same sample,

periodic switching of the current by the gate voltage (Cou-

lomb oscillation) is seen clearly at a drain bias of 40 mV

(Fig. 1(e)). The drain voltage-dependent tunneling current is

shown for two different gate voltages, Von and Voff (Fig. 1(f);

see Fig. 1(c)). When Vg¼Von (Voff), the tunneling of elec-

trons around the Fermi level is allowed (suppressed). By

comparing the experimental and theoretical Coulomb dia-

monds,19 we can evaluate C1, C2, and Cg1 as 0.90 aF,

0.92 aF, and 0.032 aF(¼32 zF), respectively. The estimated

capacitances C1, C2, and Cg1 provide a charging energy,

Ec¼ e2/(2C1þ 2C2þ 2Cg1)� e2/(2C1þ 2C2), of 43 meV.

The residual charge (Q0), which shifts the Coulomb dia-

monds along the lateral axis, is estimated to be �0.19 e�. Fit-

ting of the drain voltage-dependent currents by the orthodox

theory20 yields R1 of 6.3 GX and R2 of 1.2 GX. The well ac-

cordance between experiment and theory rationalizes our

assumption that the resistances R1 and R2 are constant

regardless of the drain bias, which is consistent with the elec-

tron transport measurements for alkanethiol molecules.21,22a)Electronic mail: majima@msl.titech.ac.jp.
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By using C1, C2, Cg1, Q0, R1, and R2, we can theoretically

reproduce the Coulomb diamonds (Fig. 1(d)), which agrees

well with the experimental observation. In particular, the

pronounced lines at the boundary of the Coulomb diamond

extending from the bottom left to the top right, which origi-

nates from the large difference of resistivity between R1 and

R2, are well reproduced. The accordance between experi-

ment and theory clearly indicates that electron transport

actually occurs via a single NP, consistent with the SEM

observation.

The advantage of our fabrication method is the ability to

make many SETs at once, from which we can analyze the

mean value and standard deviation of SET parameters.17

Various SETs (Figs. 2(a)–2(d)) show idealized Coulomb dia-

monds constituted by lines with only two slopes for each

devices, i.e., electron tunneling occurs via a single NP in

these devices. The ranges of the vertical axis are identical for

all devices and the heights of the diamonds are almost identi-

cal. This means that the charging energies of the NPs are

almost identical for all devices. Actually, the mean value of

the charging energy and its standard deviation for the fabri-

cated 9 SETs (Ref. 17) approximately originating from a sin-

gle NP are 48 and 4 meV, respectively, i.e., the standard

deviation is 10% of the mean value. This dispersion is more

or less close to that in the diameter of the synthesized Au

NPs, i.e., the ratio of the standard deviation to the mean is

10% (0.5 nm/5.2 nm). Note that the control of the charging

energy has been further confirmed by using NPs with differ-

ent diameters (3.9 and 6.2 nm).

As described earlier, the charging energy of SET princi-

pally determines the operation temperature of the device. With

increasing temperature, the density of states around the Fermi

level becomes broad to relax the condition of Coulomb block-

ade (see Figs. 3(a)–3(c)). Although obscurely, the periodical

Coulomb diamonds are observed up to 160 K, where the on/off

ratio of the current [(Imax� Imin)/Imax] in the Coulomb
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FIG. 1. (Color online) (a) SEM image of a fabricated SET, where the single

NP marked by the arrow contributes to the electron transfer process. (b)

Equivalent circuit of SET. (c) Experimentally observed and (d) theoretically

reproduced differential conductances for the SET as functions of the drain

bias and gate bias at a temperature of 9 K. (e) Coulomb oscillation at a drain

bias of 40 mV. (f) Tunneling current as a function of the drain voltage (Vd)

for two gate voltages. At Von (Voff), tunneling of electrons is allowed

(suppressed).
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FIG. 2. (Color online) (a-d) Examples of differential conductance plots

measured at 9 K that show ideal Coulomb diamonds.
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FIG. 3. (Color online) (a-c) Temperature dependent Coulomb diamonds of

the device shown in Fig. 2(a). (d) Temperature dependent on/off current ra-

tio in Coulomb oscillations.
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oscillations17 is 60%. The present finding indicates the con-

trollability of the SET operation temperature up to 160 K by

employing size-controlled NPs and nanogap electrode.

In contrast to the charging energy (or C1, C2), the gate

capacitances (Cg1 or Cg2) for the ideal 9 SETs are scat-

tered,17 where the mean value is 10.5 zF and the standard

deviation is 8.8 zF. This result indicates that the source/drain

electrodes screen the electric field between the gates and NP

in various degrees depending on the position of NPs, and

thus scatter the gate capacitance. The resistivities of the junc-

tions are more diverse,17 i.e., the geometrical averages of R1

and R2 are 2.9 and 1.6 GX, respectively and the ranges of re-

sistivity for R1 and R2 derived from the geometrical standard

deviation are 0.3 to 29 GX and 0.2 to 10 GX, respectively.

However, given that the tunneling resistance shows exponen-

tial dependence on the tunneling distance and the decay con-

stant of an alkanethiol molecule23 is 1.0 Å�1, the scattering

of the resistivity is identical to only 62.3 Å difference of the

tunneling barrier.

In the present study, we have measured 236 samples of

which 111 (47%) show Coulomb blockade and 125 (53%)

show no tunneling current. Details of the 111 samples are as

follows: 9 (3.8%) show ideal Coulomb diamonds originating

from a single NP, 30 (12.7%) show multi-NP-induced Cou-

lomb diamonds, and 72 (30.5%) show very weak modulation

or very low tunneling current (less than 1 pA). Note that in

the 9 approximately ideal Coulomb diamonds, satellite lines

(Figs. S3(c) and S3(d)) or jagged edges of the diamonds

(Figs. S3(f) and S3(g)) are observed, which is very likely

caused by defects or traps near the Coulomb islands.24,25

In summary, we have fabricated many SETs in parallel

by combining the top-down process and bottom-up process.

By this advantage, we have analyzed the mean value and

standard deviation of the charging energy for the fabricated

9 SETs originating from a single NP. We found that the

charging energy can be well controlled, where the standard

deviation is restricted as small as 10% and is as the same as

that of the Au NPs size. At this charging energy, SETs can

be operated up to 160 K.
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