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ABSTRACT |Ideal discrete energy levels in synthesized Au nanoparticles
(6.2 = 0.8 nm) for a chemically assembled single-electron transistor (SET)
are demonstrated at 300 mK. The spatial structure of the double-gate SET
is determined by two gate and drain voltages dependence of the stability
diagram, and electron transport to the Coulomb box of a single, nearby
Coulomb island of Au nanoparticles is detected by the SET. The SET exhibits
discrete energy levels, and the excited energy level spacing of the Coulomb

island is evaluated as 0.73 meV, which well corresponds to the expected
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theoretical value. The discrete energy levels show magnetic field evolution

with the Zeeman effect and dependence on the odd—even electron number of a single Au nanoparticle.
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hemical assembly is one of the pro-
C mising candidates of fabrication pro-

cesses for single-electron transistors
(SETs). SETs are attractive components for
high device density, high charge sensitivity,
and low power consumption;' ~'® however,
the reproducible fabrication of SETs is still a
challenge. SETs consist of three (source,
drain, and gate) electrodes, and a quantum
dot as a Coulomb island has to be isolated
by two tunneling junctions from source
and drain electrodes. Semiconductors,'' '3
carbon nanomaterials,’*~'® single atoms,’
and metallic nanoparticles (NP)'®~2° have
been used as quantum dots, and their dis-
crete energy level spectra have been de-
monstrated. Synthesized Au NPs have good
features for Coulomb islands, since the size
of the Au core can be controlled with a size
distribution of +10%,”' and the tunnel-
ing resistances between the Au core and
source/drain electrodes can be controlled
by adjusting the length of the ligand shell
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molecule of the Au NPs.>2~2% Recently, we
have developed fabrication techniques for
robust nanogap electrodes with a separa-
tion of 3.0 &+ 1.7 nm in a yield of 90%
by electroless gold plating. Our nanogap
electrodes maintain both their structure
unchanged up to temperatures of 170 °C
during the isotropic oxygen plasma pro-
cess and their surface reactivity to form
a self-assembled monolayer.”>?® We have
fabricated chemically assembled SETs that
consist of synthesized Au NPs, electroless
gold-plated nanogap electrodes, and an
anchor molecule of alkanedithiol mixed
with alkanethiol self-assembled monolayers
(SAMs), and demonstrated ideal rhombic
Coulomb diamonds and all two-input gates
logic operations on chemically assembled
SETs. 10

Here, we show that the application of
synthesized Au NP quantum dots to chemi-
cally assembled SET provides ideal discrete
energy levels; the SET is able to detect single
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Figure 1. (a, b) Stability diagram of d/y/dV, as a function of
Vg and (a) Vy; and (b) V5, at 300 mK. Pairs of arrows indicate
the abrupt shift lines of the Coulomb diamond resulting
from a Q, change by the transition of a single electron to Au
NP2. Stability diagrams taken from the areas indicated by
the dashed white line are presented in Figure 2a. (c) Sche-
matic of the spatial structure of the chemically assembled
SETs consisting of electroless gold-plated electrodes and
two Au NPs. (d) The equivalent SET circuit. The resistances
and capacitances Rsy and Csy are those of Au NPk (k=1 or 2)
at source side junction, Rp, and Cpy are those of Au NPk (k =
1 or 2) at the drain side junction, and Cg is a side gate
capacitance between side gate j and Au NPk. The interdot
capacitance between Au NP1 and Au NP2 is .

electron transport to the Coulomb box near the Au NP.
Two gate and drain voltages dependence of the
stability diagrams determine the spatial structure of
the Au NPs and nanogap electrodes, and we discuss
the discrete energy level spacing of a single Au NP, the
Zeeman splitting of the magnetic field evolution of the
discrete energy level spectra, and the odd—even elec-
tron number dependence of Zeeman splitting.

RESULTS AND DISCUSSION

Figure 1a and b show the stability diagrams of the
differential conductance of the drain current (d/y/dVy)
of the double-gate SET as a function of the side gate
voltages (Vg and V) and Vy. Clear Coulomb dia-
monds are observed in Figure 1a and b. The shape of
Coulomb diamonds is an ideal rhombic shape, which
corresponds to characteristics of SET with a single
quantum dot; therefore a single Au NP (Au NP1)
is attributed to the Coulomb diamond character-
istics.2®'® As the two-dimentional current—voltage
characteristics of the stability diagrams in Figure 1a
and 1b are very stable, all of the SET circuit parameters
can be evaluated by fitting theoretical Coulomb dia-
monds and Coulomb blockade behavior with the experi-
mental results;>'%?>?3%”2 the capacitance parameters
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TABLE 1. SET Circuit Parameters for the Circuit in
Figure 1d°

k Rsi Coxc Rox Cox fgm chk
AuNPT 48 MQ 125aF 15MQ  158aF 31.5zF  527zF
Au NP2 ~13 af 025aF  120zF  36zF

@Al parameters are evaluated using orthodox theory or the gate modulation
period. G = 53 zF.

between Au NP1 and the source electrode (Cs;), drain
electrode (Cpy), side gate 1 electrode (Cy19), and side
gate 2 electrode (Cy1) can be determined from the
slope of the Coulomb diamond thresholds in Figure 1a
and 1b. In contrast, the SET resistance parameters
between Au NP1 and the source electrode (Rs;) and
drain electrode (Rp;) can be determined from the
Coulomb blockade in Figure S1c. The evaluated param-
eters are listed in Table 1, and the theoretical stability
diagram shows good agreement with those in Figure 1a
and 1b (see Supporting Information).

In Figure 1a and b, there are pairs of arrows indicat-
ing abrupt shifts along the V4 axis in the Coulomb
diamond, and these shifts can be attributed to the
detection of discrete single-electron transport by the
double-gate SET.?® Because single-electron transports
are also periodically modulated by the gate voltages of
Vg1 and Vg, the origin of the charge transport is
explained by the existence of another single Au NP
(Au NP2) chemisorbed onto the source electrode as a
Coulomb box as follows: The single-electron transport
periods of AVy; (= 1.3 V) and AV, (= 4.5 V) give the
gate capacitances of Au NP2 (Cy, and Cy»,) as 120 and
36 zF, respectively. The slopes of the boundary of the
single-electron transport (indicated by pairs of arrows)
correspond to the ratios of the drain voltage and the
gate voltage and are evaluated as AVy/AVy; =0.47 and
AVy/AVy; = 0.14, respectively. The capacitance be-
tween Au NP2 and the drain electrode (Cp,) is given
from these slopes as Cpy = CgioAVg/AVy (k=1 and 2),
and the values of Cp, are evaluated as 0.25 aF by
Cg12AVg1/AVy and 0.25 aF by CgooAVg /Ay, respec-
tively. It is noted that the same values of Cp, (= 0.25 aF)
are evaluated from different Coulomb diamonds oscil-
lated by V4; and V. Cpy is 6 times smaller than the
capacitance between the chemisorbed Au NP and the
electrode, i.e, Cp;. Therefore, Au NP2 chemisorbed
onto only the source electrode and was capacitively
coupled to the drain electrode. The abrupt shifts in Vg
and V,, are evaluated as 0.15 and 0.80 V from Figure 1a
and b, respectively, which correspond to fractional
residual charge (Qp) shifts of 0.03e and 0.03e by
comparison with the Coulomb diamond period, re-
spectively, where e is the unit charge. The internal
capacitance between Au NP1 and Au NP2 (C) is
evaluated to be 53 zF from eC/(Cs; + Cpy + Cg12 +
Cg22 + G) = 0.03e if the capacitance between Au NP2
and the source electrode (Cs,) is assumed to be 1.3 aF,
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Figure 2. (a) Stability diagram of d/y/dV4 as a function of V4 and V; at the double-degeneracy points in the Coulomb diamond
indicated by the dashed white boxes in Figure 1a. Each satellite line is attributed to the excited states (ES) of Au NP1. The
number of electrons in each Coulomb diamond is shown in the plots. Each discrete energy state has two spin-degenerate
electrons, and if the states lower than the ground state (GS) are fully occupied, the number of electrons is 2N. (b) Line profiles
of dly/dV4—Vy in the (c) positive V4 regions taken along the dashed lines in (a). Each peak is attributed to an excited energy
level of Au NP1. (c) Schematic energy diagram of the excited energy levels of Au NP1 under a magnetic field of B=0T.

which is similar to the capacitance between the chem-
isorbed Au NP and the electrode, i.e., Cs;.

It is noted that another Coulomb diamond, 20 times
less conductive than the main Coulomb diamonds, are
superimposed in Figure 1a and 1b, and this result
implies another Au NP (Au NP3 named in Supporting
Information) is inserted in parallel with Au NP1. As the
effect of Au NP3 is negligibly small, the SET can be
considered as an SET consisting of Au NP1 as the
Coulomb island and Au NP2 as the Coulomb box near
Au NP1, which is similar to the other experimental
results and theoretical proposals.3~'° A detailed dis-
cussion about Au NP3 is in the Supporting Information.
Consequently, the schematic spatial structure of the Au
NPs and nanogap electrodes in this double-gate SET
and the equivalent circuit are shown in Figure 1cand d,
respectively, and the unique circuit parameters are
evaluated as discussed above and listed in Table 1 (a
scanning electron microscopy image of typical electro-
less gold-plated nanogap electrodes is shown in Sup-
porting Information Figure S2).

Differential conductance peaks appear as satellite
lines parallel to the Coulomb diamond edges, and they
originate from the transmission resonances of the
excited levels in the Coulomb island aligned with the
Fermi levels of the source or drain electrodes.'>%°
Figure 2a shows the discrete energy level spectra of
Au NP1 at the degeneracy points of two Coulomb
diamonds. Multiple parallel bright lines with both
positive and negative slopes correspond to the trans-
mission resonance through excited levels from the
drain and source electrode, respectively. We note that
the right-hand side slope of the Coulomb diamond
corresponds to electron transfer into unoccupied
states and that the left-hand side slope corresponds
to electron transfer out of the occupied states. The
obtained differential conductance of the drain current—
drain voltage (dly/dVy4—Vy) characteristics was con-
verted into the electronic energy potential of the
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Coulomb island by considering the capacitive division
of the voltage across two tunneling junctions.'®2°

The voltages across junction 1 (V;), consisting of Rs;
and Cs;, and across junction 2 (V5), consisting of Rp,
and Cp;, are

Cp1
Vi=—"-—YV, 1
1T Gt Gy (1)
Cs1
Vo, = —— 1V, (2)
2T Ca+Cor ¢

from Kirchhoff's voltage law, where Cy;1 and Cgyyq are
negligibly smaller than Cs; and Cp,. The voltage differ-
ence in egs 1 and 2 is equal to the electronic energy
potential shift of the Coulomb island.

Figure 2b shows dly/dVy—Vy characteristics taken
along the dashed lines in Figure 2a, respectively. Each
dly/dV4 peak corresponds to tunneling of the electron
through the excited energy states of a Au NP. The
positive and negative bias spectra show good agree-
ment with each other after considering the capacitive
division, and the conductance peak heights corre-
spond to the tunneling rates in each tunneling junc-
tion. A schematic energy diagram of each NP is shown
in Figure 2¢, and each dly—dVy peak in Figure 2b
corresponds to one of these excited energy states
(indicated by the colored dashed lines). From the
spectra in Figure 2b, the mean excited level spacing
of Au NP1 is evaluated to be AE = 0.73 meV.

The expected mean excited level spacing of spin-
degenerate energy levels can be predicted by

~ 2m2h?

AE ~ ——
mekFV

(3)
where A is the Planck constant, m. is the electron mass,
and kg is the Fermi wave vector (1.21 x 10"° m~! for
Au)."®3° Assuming a single Au NP is spherical in shape,
the NP volume can be evaluated by V = 47r*/3, where r
is the radius. For an average diameter of 6.2 £+ 0.8 nm,
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Figure 3. (a) Magnetic field evolution of the di4/dVy peaks at Vg, = —3.3 V. The white areas show larger di4/dV values. (b) Line
profiles taken along the dashed lines indicated in part (a) of diy/dV4—Vy in the positive and negative V4 regions under a
magnetic field of B= 10 T. Each peak is attributed to the splitting of the excited energy levels of Au NP1. (c) Schematic energy
diagram of the excited energy levels of Au NP1 under a magnetic field of B=10T.

AE should be in the range 0.7—1.5 meV . Individual
levels of a 6.2 nm Au NP should be resolvable con-
sidering AE > 3.5kgT = 0.09 meV at 300 mK."® There-
fore, the experimental AE values are consistent with
that derived for a Au NP diameter of 6.2 4= 0.8 nm from
eq 3. As the values of Cs; and Cp, are determined as
1.25 and 1.58 aF with the accuracy of 0.01 aF, respec-
tively, the energy level spacing can be evaluated with
an accuracy of 0.01 meV by eqs 1 and 2.

Kuemmeth et al?° have reported discrete energy
level spectra of synthesized Au NPs (core diameter of
5—15 nm) with electromigrated nanogap electrodes.
Compared to their reports, the discrete energy level
spectra in our SETs are more uniformly distributed, and
the distribution along the V4 axis can be fully explained
using the junction parameters in Table 1. These ideal
characteristics can be attributed to the electroless
gold-plated nanogap electrodes for which the nano-
gap separation and shape are precisely controlled
(Supporting Information Figure S2), because the SET
characteristics strongly depend on the electrode
structure.

The spin state of the electrons in Au NP1 are
discussed as follows: As has been previously reported,
the electron energy levels exhibit 2-fold Kramers de-
generacy at zero magnetic field B with respect to the
spin quantum number, and the 2-fold energy level
splits as Bis increased (the Zeeman effect).'®?° Figure 3a
shows the magnetic field dependence of dly/dVy as a
function Vq for Vg; = —3.3 V. Larger dly/dVq values are
represented in white. (The Iy and dly/dVy characteris-
ticsat B=0Tand B= 10T are shown in Supporting
Information Figure S3.) Splitting of the excited energy
states can be observed in the figures, and the evolution
in both the positive and negative V4 regions shows
similar behavior. Line profiles along the dotted lines in
Figure 3a are shown in Figure 3b. After placing the
results on an energy scale, this figure supports the

KANO ET AL.

hypothesis that electrons are transferred through the
same Au NP excited states in both the positive and
negative Vy regions. A schematic energy diagram of
the Au NP at B =10 T is shown in Figure 3c.

We can estimate the g-factor for the electron in the
Au NPs from the Zeeman effect. The relationship
between the g-factor and the energy difference of
two split levels OF is OF = gugB, where ug is the Bohr
magneton. From Figure 3b, JF is evaluated to be
0.33 meV at B =10 T, giving a g-factor of 0.57, which
agrees well with previous reports.?’ The value is less
than 2.0 because of the strong spin—orbit interaction
in the Au atoms.'®

The number of electrons confined to the Coulomb
island is different for each adjacent Coulomb dia-
mond by exactly one electron, as shown in Figure 4a,
where 2N is the number of electrons on the SET.
When the charge configuration of the SET moves
from electron number 2N to 2N + 1, the lowest
excited energy state of the Coulomb island is filled
with one electron transferred from the electrode,
and that filled state will no longer be available for an
electron tunneling transition."*'®'? Figure 4b—d
show the magnetic field evolution of the excited
energy states in a positive V4 region under Vg, values
of —3.3,1.9,and 7.3 V. (The evolution in the negative
V4 region is also shown in Supporting Information
Figure S4b—d.) The lowest excited energy state
disappears as the number of electrons on Au NP1
increases, which means that one electron is trans-
ferred and filling of the lowest excited energy state
proceeds in line with an increase in Vg;. The spectra
for each Vg, show identical magnetic field evolution,
and clear identification of the three consecutive
charge configurations is attributed to the odd—even
electron number of a single Au NP. Therefore, the
chemically synthesized double-gate SET consisting
of electroless gold-plated nanogap electrodes and
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Figure 4. (a) Relationship between the electron number and Coulomb diamonds, as in Figure 1a. (b—d) Line profiles taken
from part (a) of the magnetic field evolution of the diy/dVy peaks at Vg, values of (b) —3.3V, (c) 1.9V, and (d) 7.3 V in the
positive V4 region. The electron configuration in the excited energy levels of Au NP1 is shown below each plot. The arrow in (d)
indicates the splitting of the energy levels of Au NP3 near Au NP1.

synthesized Au NP is a good platform to observe
ideal and reproducible SET characteristics.

CONCLUSION

In conclusion, we have demonstrated the discrete
energy level spectra of synthesized Au NPs with elec-
troless gold-plated nanogap electrodes in a chemically
assembled SET. The spatial structure of the Au NPs and
nanogap electrodes was uniquely determined by
two gate voltages dependence of the stability dia-
grams. The SETs show an ideal rhombic Coulomb
diamond with satellite lines originating from the

METHODS

Chemically assembled SETs with double-side-gate structure
identical to our previous reports”®'° were assembled for this
study using Au NP quantum dots. The Au NPs were chemically
synthesized using established methods®' and had core di-
ameters and a standard deviation of 6.2 4 0.8 nm, as estimated
from transmission electron microscopy (TEM) images (Support-
ing Information Figure S6). The Au NPs were stabilized by
decanethiol ligand molecules.

Stable SETs functionalized with self-assembled monolayers
and Au NPs were simultaneously fabricated by a combination of
top-down and chemical bottom-up techniques. Electroless
gold-plated nanogap electrodes were used, as the size can be
controlled so that it is suitable for the Au NPs,*>?° and the SAMs
were formed in such a way that the chemically assembled SETs
are stable even under ambient conditions.'® The SET fabrication
method we employed enabled us to prepare multiple chemi-
cally assembled SETs at the same time.

We measured the drain current—drain voltage (l4—Vy) and
drain current—gate voltage (I4—V,,) characteristics of the SETs at
300 mK and calculated the differential conductance of the drain
current—drain voltage (dly/dV4—Vy) characteristics by numeri-
cally differentiating the I4—Vy4 curve directly without lock-in
amplifiers.
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