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We develop a facile process to integrate colloidal silicon nanocrystals (Si NCs) with metal electrodes

in a single-electron transistor by self-assembly. Gold (Au) surface is modified by an amine-

terminated self-assembled monolayer to have a positive potential. All-inorganic boron (B) and phos-

phorus (P) codoped Si NCs, with a negative surface potential and size-controllability, are selectively

adsorbed on an amine-terminated Au surface by electrostatic attraction. We demonstrate the fabrica-

tion of SETs consisting of electroless-plated Au nanogap electrodes and codoped Si NCs using this

process and observation of clear Coulomb diamonds at 9 K. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4968583]

Colloidal semiconductor nanocrystals (NCs) have been

intensively studied because their optical and electronic proper-

ties are largely modified by quantum confinement with respect

to the bulk counterparts.1 They can be a precursor for the

development of optoelectronic devices by the solution-based

processes.2 High-performance field-effect transistors,3,4 photo-

voltaics,5,6 and light-emitting diodes7,8 have been developed

by using the spin-coated colloidal semiconductor NCs.

One of the promising applications of colloidal NCs is a

single-electron transistor (SET), which can be used in several

kinds of nanodevices such as reconfigurable Boolean logic,9,10

single-electron charge sensor,11,12 and single-electron pump.13

Since the operational temperature of SETs is strongly related

to the size of a Coulomb island, size-regulated NCs are poten-

tially very attractive as a material for a Coulomb island.14–16

For this application, single-nanometer NCs are required to be

immobilized between the nanogap electrodes, which is not

possible by conventional semiconductor technology. Self-

assembly with the assistance of organic molecules is an effec-

tive route to immobilize NCs in the nanogap electrodes.

The most widely used NC material in SETs is gold (Au).

By using the well-established process utilizing the alkanedi-

thiol molecules, Au NCs can be bound onto metal electro-

des.17–20 Furthermore, colloidal II-VI semiconductor NCs

such as cadmium selenide (CdSe) NCs21 are used for the fab-

rication of SETs and a light-emitting SET.22 However, NCs

composed of these heavy-metal elements are not compatible

with the existing complementary metal-oxide-semiconductor

(CMOS) technology. Integration of SETs with these colloidal

NCs in the existing electronic devices is not straightforward.

In this work, we develop a process to integrate colloidal

silicon (Si) NCs with SETs. Si is an environmental-friendly

and CMOS-compatible element. However, processes to

immobilize individual Si NCs on metal electrodes are not

established. The reason is that it is difficult to use the alkane-

dithiol molecules for immobilizing a Si NC on metal surface.

This is due to the fast oxidation of the surface and the inabil-

ity of the oxidized surface, which makes it difficult to form a

chemical bond between Si surface and a thiol group.23

We propose an essential technique to immobilize Si

NCs on metal surface based on electrostatic attraction. In

this work, we employ boron (B) and phosphorus (P) codoped

colloidal Si NCs (codoped Si NCs).24–26 Codoped Si NCs

have heavily B and P codoped shells, which induces a nega-

tive potential on the surface (f-potential: �42–�27 mV)24

and prevents the agglomeration in polar solvents by the

Coulomb repulsion. The perfect dispersion of NCs in solu-

tion is crucial for the self-assembly onto metal surface. The

Codoped Si NCs are attached on positively charged Au sur-

face with an amine-terminated self-assembled monolayer

(SAM) by electrostatic attraction. We demonstrate the for-

mation of a SET by placing the codoped Si NCs in the Au

nanogap electrodes.

Codoped Si NCs were prepared using a method described

in the previous papers.24–26 Borophosphosilicate glass films

were deposited on a stainless steel plate by co-sputtering Si,

SiO2, B2O3, and P2O5. The films were removed from the

stainless steel plate and the films were crushed in a mortar.

The powder was annealed in a N2 atmosphere at 1200 �C for

30 min to grow codoped Si NCs. The annealed powder was

dissolved in a hydrofluoric acid solution for 30 min in an ultra-

sonic bath to extract codoped Si NCs. Codoped Si NCs were

centrifuged and transferred into methanol. The concentration

of Si in the solution was 0.5–0.7 mg/ml. The obtained NC

solution was slightly acidic (pH¼ 4–6).

Figure 1(a) shows a transmission electron microscope

(TEM) image of codoped Si NCs. Because a negative surface

potential prevents codoped Si NCs from aggregation,24 NCs

are isolated one by one and no aggregate is observed. The

inset image is a high-resolution TEM (HRTEM) image of a

NC. The lattice fringe corresponding to the {111} plane of

Si crystal is observed.25 Figure 1(b) shows the size distribu-

tion of codoped Si NCs obtained from the TEM images.

Average diameter of NCs (Dave) is 8.0 nm with a standard

deviation (r) of 2.0 nm. Note that Dave can be controlled in a
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wide range (1–14 nm) by changing the growth temperature.24

Irrespective of the size, codoped Si NCs have negative sur-

face potential and thus the process can be applied to codoped

Si NCs with different sizes. In this study, we chose 8.0 nm

diameter NCs to make observations of individual NCs on

metal electrodes by using scanning electron microscopy

easier.

A self-assembly method to immobilize the codoped Si

NCs on Au electrodes is described in Figure 1(c). We depos-

ited a titanium (Ti) and Au film on a thermally oxidized SiO2/

Si substrate. After cleaning the substrate by a UV/O3 cleaner

(Samco, UV-1), the substrate was immersed in 6-amino-1-

hexanethiol [HS(CH2)6NH2, Dojindo, Japan] solution in etha-

nol (1 mM) for 24 h to form a self-assembled monolayer

(SAM) on Au surface. Subsequently, the SAM-treated sub-

strate was immersed in Si NC solution. The concentration of

Si NC solution was diluted 1000 times by methanol. Because

original Si NC solution was acidic, amino groups in a

6-amino-1-hexanethiol SAM were protonated and Au surface

was positively charged in Si NC solution.27,28 Therefore, neg-

atively charged codoped Si NCs were attracted by Coulomb

interaction and adsorbed on Au surface. Finally, the substrate

was rinsed in methanol and distilled water and then dried by

N2 gas.

Figure 2 shows an infrared (IR) absorption spectrum of a

6-amino-1-hexanethiol SAM on Au surface by reflection-

absorption spectroscopy measurement (PerkinElmer, Spectrum

GX). In the spectrum, two prominent absorption peaks are

observed at 2860 cm�1 and 2928 cm�1 assigned to the sym-

metric and asymmetric CH2 stretching modes of a hydrocarbon

chain, respectively.29 A weak absorption peak at 3408 cm�1 is

assigned to the NH stretching mode.29 From these results, we

confirmed that a 6-amino-1-hexanethiol SAM is formed on Au

surface.

To confirm the validity of the method in Figure 1(c), we

prepared two substrates. One is a 6-amino-1-hexanethiol

SAM-treated Au substrate and the other is a bare Au substrate

as a control sample. Figures 3(a) and 3(b) show the SEM

(HITACHI, SU-8000) images of a 6-amino-1-hexanethiol

SAM-treated Au substrate and a bare Au substrate after

adsorption of Si NCs, respectively. In Figure 3(a), a large

number of Si NCs represented by white spots are observed on

SAM-treated Au surface. Each Si NC is well isolated even on

Au surface because of electrostatic repulsion during immer-

sion in solution. On the other hand, only a few Si NCs are

adsorbed on bare Au surface. Thus, codoped Si NCs can be

electrostatically adsorbed on Au surface via a 6-amino-1-hex-

anethiol SAM. Figure 3(c) shows a SEM image of boundary

of SAM-treated Au and SiO2 surface after immersion in Si

NC solution. In contrast to SAM-treated Au surface, Si NCs

are not observed on SiO2 surface because a 6-amino-1-hexa-

nethiol SAM is not assembled on SiO2 surface. According to

the above result, codoped Si NCs can be selectively assembled

FIG. 1. (a) TEM image and (b) size distribution of Si NCs annealed at

1200 �C. Inset: HRTEM image of Si NC. (c) Schematic illustration of a

method to immobilize Si NCs electrostatically on Au surface.
FIG. 2. IR absorption spectrum of a 6-amino-1-hexanethiol SAM on Au

surface.

FIG. 3. (a) SEM image of a 6-amino-1-hexanethiol SAM-treated Au sub-

strate and (b) a bare Au substrate after immersion in Si NC solution.

Immersion time of both substrates was 1 h. (c) SEM image of boundary of

SAM-treated Au and SiO2 surface after immersion in Si NC solution repeat-

edly. Total immersion time was 4.5 h.
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on Au surface by the method described in Figure 1(c). Note

that a thiol group can effectively attach on many metal sur-

face,30 and thus, this procedure can be used for other metal

surface as well as Au.

We fabricated a SET by using codoped Si NCs, a

6-amino-1-hexanethiol SAM, and electroless Au plated nano-

gap electrodes. Initial Ti (2 nm)/Au (10 nm) nanogap electro-

des were fabricated on a Si substrate with 300-nm thermally

oxidized SiO2 by electron beam lithography and photolithog-

raphy. The number of nanogap electrodes was in total 49.

Initial nanogap separation between source and drain electro-

des was 25 nm and two side-gate electrodes were also fabri-

cated. Nanogap separation was reduced to the size of NCs by

electroless Au plating. A detailed process of electroless Au

plating was reported in a previous paper.31 After fabrication

of Au nanogap electrodes, the same adsorption process of Si

NCs in Figure 1(c) was carried out.

Figure 4(a) shows a SEM image of a fabricated device

and a circuit for electrical measurement. In this study, only

one side-gate is used for the SET operation (the top electrode

in Fig. 4(a)). Si NCs bridge between source and drain elec-

trodes. Electrical measurements were performed by using

a semiconductor parameter analyzer (Agilent, B1500) and

a probe station (Nagase Techno-Engineering, GRAIL

10-LOGOS01S) in vacuum (�10�5 Pa) at 9 K. Figure 4(b)

shows measured drain current–drain voltage (ID–VD) charac-

teristics under applying different gate voltages VG¼�1.92

and 0 V. In both gate voltages, a nonlinear characteristic and a

voltage range where drain current is suppressed are observed.

The suppressed current region is modulated by the gate vol-

tages; therefore, the Coulomb blockade occurs because Si

NCs between the nanogap electrodes work as a Coulomb

island.

Figure 5(a) shows the measured drain current–gate volt-

age (ID-VG) characteristics under applying different drain

voltages. The oscillation of drain current by gate voltage

(Coulomb oscillation) is clearly observed. Note that aperi-

odic oscillation indicates that several Si NCs work as a

Coulomb island in a SET, in contrast to the periodic oscilla-

tion of a metal single-dot SET.9 Figure 5(b) shows differen-

tial conductance (dID/dVD) plotted as a function of drain

voltage and gate voltage (stability diagram). The stability

diagram is obtained corresponding to the Coulomb gap in

ID-VD characteristics (Fig. 4(b)) and the peak separation of

ID-VG characteristics (Fig. 5(a)). Measured complex stability

diagram also indicates that several Si NCs are adsorbed

between source and drain electrodes. Note that the rhombic

shape of Coulomb diamonds guarantees a single NC work-

ing as a Coulomb island.9 A network of dopants in NCs

may cause the complex stability diagram; however, we do

not have any evidence to support this assumption by now. It

should be stressed here that, in the nanogap electrodes with-

out NCs, no detectable current is observed (see supplemen-

tary material). On the other hand, with NCs, we observe

SET operations in 3 nanogap electrodes out of 49. The yield

is thus 6%.

Here, we roughly estimate a charging energy of single

NC to confirm a validity of the operation of SET at 9 K. In

FIG. 4. (a) SEM image of a fabricated device with a circuit for electrical

measurement. Immersion time of the Au nanogap electrodes in Si NC solu-

tion was 3 s. The bottom electrode in the image was not used in this work.

(b) ID–VD characteristics of a fabricated SET under different gate voltages

VG¼�1.92 and 0 V.

FIG. 5. (a) ID-VG characteristics of a fabricated SET under applying differ-

ent drain voltage VD¼ 0.15, 0.10, 0.05, �0.05, �0.10 and �0.15 V (from

top to bottom). (b) Stability diagram of a fabricated SET.
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the case of a SET consisting of electroless plated nanogap

electrodes and a single NC, a total capacitance CR is well

evaluated by using a concentric sphere model16 (i.e., a single

NC is almost shielded with metal electrodes)

CR ¼ 4p�0�r
1

D

2

� 1

D

2
þ d

0
@

1
A
�1

; (1)

where �0 is the permittivity of vacuum, �r is a relative permit-

tivity of the space, D is a diameter of a NC, and d is an aver-

age distance between a single NC and metal surface.

Expected total capacitance is 5.0 aF according to this concen-

tric sphere model. In this calculation, we assume �r is a rela-

tive permittivity of the alkanethiol (�r¼ 2.6), D is 8.0 nm, and

d is a length of 6-amino-1-hexanethiol. The value of d is

assumed to be 1.2 nm, which is a similar length of 1,6-hexane-

dithiol.21 By calculating CR in Eq. (1), we evaluate a charging

energy (Ec) as Ec ¼ e2=CR, where e is the elementary

charge.32 Evaluated Ec is 32 meV and this value is much

larger than thermal energy at 9 K (0.78 meV). Therefore, an

operation of a SET using codoped Si NCs (Dave¼ 8.0 nm) at

9 K is reasonable.

In our previous study, the B concentration of codoped Si

NCs is always larger than P concentration.24 Analyzed by

valence-band spectroscopy, the Fermi level of codoped Si

NCs larger than 4 nm is close to the highest occupied molec-

ular orbital (HOMO) level.33 This result indicates that 8-nm

codoped Si NCs are p-type semiconductor. In general, a tran-

sistor with a p-type quantum dot works in a negative gate

voltage region (i.e., single-hole transistor34,35). However, the

observed Coulomb diamond in Fig. 5(b) is in both positive

and negative gate voltage regions, which is similar to that of

metal NCs. A possible reason is that the Fermi level of

codoped Si NCs lies among the B acceptor levels, similar to

degenerate semiconductors.36 In fact, the P and B concen-

trations in the present Si NCs are several at. % and about 10

at. %, respectively,24 which are much higher than the solid

solubility in Si crystal.37 Although a majority of them are

considered to be inactive and accumulated on or near the

surface, it is still very plausible that the NCs are degenerate

semiconductors. Unoccupied B states also exist above the

Fermi level as well as thermally activated (occupied) B

states, and thus, codoped Si NCs can have a similar prop-

erty to metal NCs. If the size of codoped Si NCs is reduced

less than 3 nm, the Fermi level approaches center of the

energy gap and a typical property of a semiconductor NC is

expected.

In conclusion, we developed a process to integrate col-

loidal Si NCs with metal surface in SETs by self-assembly.

The method uses electrostatic attraction between negatively

charged B and P codoped Si NCs and positively charged

amine-terminated Au surface. We demonstrated the opera-

tion of the fabricated SETs at 9 K. The method developed in

this work is versatile for the fabrication of different kinds of

NC-based nanodevices by a bottom-up process.

See supplementary material for the current–voltage

characteristics of electroless plated nanogap electrodes with-

out Si NCs.
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