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Si QDs by metal ions in a solution. It is shown that the width of the wires is almost independent of the preparation
parameters and is always about 30 nm, except for the case when Si QDs larger than 30 nm are used, while the length of the

wires depends strongly on the kinds of ions, the amount of ions and the amount of Si QDs in a solution. In addition to the

microscopic size assemblies, macroscopic size rods of Si QDs with the width of ~20 um are produced by using Zn?* ions. The

XPS analyses reveal that Si QDs are connected each other via a ZnO layer in the rod. The rods have much higher conductivity

and photo-response than Si QD solids produced without metal ions.

Introduction

Colloidal semiconductor quantum dots (QDs) are versatile
materials with unique electrical, optical, magnetic and
thermoelectric properties due to the atomic-like discrete
energy state structures and the large surface-to-volume ratio.
Furthermore, assembling three-dimensional superstructures of
QDs enables creation of new properties due to different inter-
QDs interactions, such as the direct coupling of the energy
states and the formation of mini-bands=3, the charge transfer
via tunneling* and the energy transfer>®. Several different
techniques have been developed for the self-assembly of QDs.
The simplest one is that using the Van der Waals interaction
between QDs, which usually results in the formation of a close-
packed structure’.8. More active control of the superstructure
is possible by using magnetic dipole and electric dipole
interactions® 14, Recently, programmed assembly of QDs into
the crystal by using DNA-templated (-guided) processes have
been reported!>-18, Coordination assembly of QDs via metal
ions has also been intensively studied?:20.

Among the processes for the formation of a QDs assembly,
coordination assembly via metal ions has advantages in
applications where efficient charge transfer between QDs is
crucial. Nag et al., studied the coordinate bonding of various
kinds of metal ions on CdSe QDs and demonstrated that metal
ions provide a convenient tool for tailoring optical, electronic,
magnetic, and catalytic properties of QDs and the solids?!. Hirai
et al., showed that coordination assembly of FeS; nanocrystals
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via Zn?* jons enhances charge transfer between nanocrystals
and improves the photocatalytic activity®. It is plausible that
similar process can be applied to a wider range of material
systems and may overcome a common issue of QDs-based
devices, i.e., poor carrier mobility due to the hopping-like
charge transport between QDs.

The purpose of this work is to develop a process to produce
an assembly of Si QDs via metal ion bridges. Si QDs are a highly
environmentally friendly nanomaterial and is considered to be
a candidate for heavy metal free QDs in optoelectronics and
biophotonics?223, The quality of Si QDs, especially the colloidal
solution, has been improved rapidly for the past decade?*27 and
very high quality colloidal solutions with the luminescence
quantum yield exceeding 50% has been produced?8-3°, The next
step required to make Si QDs practically useful is the
improvement of the conductivity of the assembly. Coordination
assembly of Si QDs via metal ions can be a promising approach
to overcome the problem, although there have been no
attempts to bridge Si QDs via metal ions.

In this work, we develop a process for the growth of wires
and networks of Si QDs from the colloidal solution by the
coordination assembly via metal ions. We perform
comprehensive studies to test many kinds of metal ions with
different valence numbers and redox potentials. We also study
the effects of the size and the surface property of Si QDs on the
formation of the assemblies. We show that wires of Si QDs with
the width of 25-35 nm and the length exceeding 1 um can be
grown in proper conditions. From the structural analyses
combined with the chemical analyses, we will propose a model
for the growth of Si QDs wires and networks. Finally, we
produce a macroscopic size rod of Si QDs (width: ~20 um) by
mixing very large amounts of Si QDs and ZnZ* ions and study the
current transport properties. We show that the conductivity is
largely improved in the Si QDs rod compared to simple
agglomerates of Si QDs made without metal ions.
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Experimental
Preparation of Si QDs

For the metal-ion-induced assembly of Si QDs, we use a colloidal
solution of B and P codoped Si QDs developed in our group31-33,
The preparation procedure of the codoped Si QDs is described
in detail in Ref.32, Briefly, a Si-rich borophosphosilicate glass
(BPSG) film prepared by an rf co-sputtering method was
annealed in a N, gas atmosphere for 30 min to grow codoped Si
QDs in a BPSG matrix. The diameter of Si QDs (D) was changed
from 3.9 nm to 57 nm by changing the growth temperature
from 1100 to 1500°C343>, Si QDs were isolated from BPSG
matrices by etching in a HF solution (46 wt. %) for 1 hour and
were transferred to methanol. B and P codoped Si QDs are
dispersible in water and alcohol without any organic
functionalization processes due to the negative surface
potential (zeta potential: -30 mV at pH 7)36. When the growth
temperature is relatively low, typically < 1300°C, almost all Si
QDs are dispersed in methanol. On the other hand, when the
growth temperature is higher, a part of them agglomerates34.
Precipitates in methanol were removed by centrifugation (8000
rpm, 3 min) and a supernatant liquid was stored in a vial. After
the removal of precipitates, the liquids were very clear and no
precipitates were observed for more than a year.

Characterization

Before describing the procedure for the formation of a metal-
ion-induced Si QDs assembly, we briefly summarize the
property of codoped Si QDs used in this work. Fig. 1(a) shows a
photo of a methanol solution of Si QDs grown at 1200°C. The
concentration of Si QDs (Cs;) is 500 pg/ml. The solution is very
clear and scattering free. The optical transmittance of the
solution in the transparent range is almost 100% (Fig. 1(b)). Fig.
1(c) shows a transmission electron microscope (TEM) (JEM-
2100F, JEOL) image of a Si QD grown at 1200°C. For the TEM
observation, a Si QD solution was dropped on a carbon-coated
copper grid. The lattice fringe corresponds to {111} planes of Si
crystal (0.314 nm). The diameter is about 7 nm. Fig. 1(d) shows
the infrared (IR) absorption spectra of Si QDs stored in methanol
for 2 hours, 2 days and 7 days. The peaks around 1080 and 2100
cm?® are Si-O-Si and Si-H stretching vibration modes,
respectively. The Si-H mode is dominant just after the
preparation and becomes weak during the storage in methanol.
On the other hand, the Si-O-Si mode grows during the storage.
The number ratio of Si-H and Si-O bonds (Si-H : Si-O) estimated
by taking into account the oscillator strengths37,38 is 95:5, 85:15
and 65:35 for the samples 2 hours, 2 days and 7 days stored in
methanol, respectively.

Synthesis of metal-ion-induced Si QDs assembly

The procedure for the formation of a metal-ion-induced Si QDs
assembly is very simple. 390 pul of a methanol solution of Si QDs
was first prepared. The concentration of Si QDs in the solution
was changed from 10 pg/ml to 500 pg/ml. 10 pl of a methanol
solution of metal nitrate (NaNOs; (299%, Wako), KNOs (299%,
Wako), Zn(NOs)2.6H,0 (299.9%, Wako), Ni(NOs),.6H,0 (299.9%,
Wako), Ca(NO3)2.4H,0 (299.9%, Wako), Mg(NOs),.6H,0 (299.5%,
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Fig. 1 (a) Photograph of methanol solution in which Si QDs are dispersed. (b)

Optical transmittance spectrum of the solution in (a). (c) High-resolution TEM
image of a Si QD. (d) IR absorption spectra of Si QDs stored in methanol for 2
hours, 2 days and 7 days.

Wako), Mn(NO3),.6H,0 (299.5%, Wako), In(NO3)3.3H,0 (298%,
Wako), and Al(NOs3)3.9H,0 (299.9%, Wako)) was then prepared.
The concertation was changed from 0.1 mM to 10 mM. These
solutions were mixed and stirred for 30 minutes at room
temperature by a magnetic stirrer. All the processes were
performed in an ordinary laboratory environment.

Result and discussion

We prepare metal-ion-induced Si QDs assemblies by changing
various parameters. First, we study the effect of the valence
number of metal ions for the formation of an assembly. For this
experiment, we fix the size of Si QDs to 7 nm and the
concentration in methanol (Cs;) to 50 pg/ml. Fig. 2(a) shows the
transmittance spectra of Si QDs/KNOs; mixed solutions with
different KNOs concentrations. The KNOs; concentration is
changed so that the number of K* ions per a Si QD ([K*]/[Si QD])
becomes 50, 100 and 1000. The transmittance spectrum is not
modified by the mixing (Fig. 2(a)) even when KNO3
concentration is very high, suggesting that Si QDs assemblies
are not formed. In fact, no agglomerates are observed in the
TEM images in Fig. 2(b)-(d).

When a divalent metal nitrate (Zn(NOs3),.6H,0) is mixed (Fig.
2(e)), the transmittance decreases in the short wavelength
range at high [Zn2*]/[Si QD]. In the TEM images in Fig. 2(f)
([zn2*]/[Si QD] = 50), we can recognize the formation of
agglomerates of Si QDs. The agglomerates are not isotropic and
are elongated in one direction. The average width (dave) of the
agglomerates estimated from TEM images is about 30 nm and
the average length (/ave) is 78.8 nm with the standard deviation
(o) of 38.5 nm. The QDs wires become much longer in [Zn2*]/[Si
QD] = 100 (/gve = 418.0 nm (o = 252.6 nm)) (Fig. 2(g)), although
the width does not change so much. Further increase of
[ZnZ*]/[Si QD] results in the formation of the network of QDs

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a, e, i) Optical transmittance spectra of solutions containing Si QDs 7 nm in diameter (Cs;= 50 ug/ml) and metal salts; (a) KNOs, (e) Zn(NOs),.6H,0 and (i) Al(NO;)3.9H,0.

The concentration of metal salts is changed so that the number ratio of metal ions to Si
QDs assemblies in the mixed solutions; (b-d) [K*]/[Si QD] = 50, 100, 1000, (f-h) [Zn?*]/[Si

QDs ([Metal ions]/[Si QD]) becomes 0, 50, 100, 1000. (b-d, f-h, j-I) TEM images of Si
QD] = 50, 100, 1000, and (j-1) [A3*]/[Si QD] = 50, 100, 1000.

wires (Fig. 2(h))). Similar results are obtained in the case of
trivalent metal nitrate (Al(NOs3)3.9H,0) (Fig. 2(i-1)). The observed
clear difference between the monovalent and multivalent ions
for the formation of Si QDs wires is consistent with the Schulze-
Hardy rule3, which states that the critical coagulation
concentration varies as the inverse sixth power of the counter
ion charge. In negatively-charged Si QDs, multivalent metal
cations represent highly effective coagulants. In the following,
we will focus on divalent metal ions.

The critical coagulation concentration also depends on the

type of ions, even if they carry the same charge. Fig. 3(a)-(c)
shows TEM images of Si QDs assemblies produced by using
different divalent metal ions, i.e., Ca?*, Mg?* and Ni%*. The Si
concentration and the number ratio of metal ions and Si QDs
([Metal ions]/[Si QD]) are fixed to 50 pg/ml and 50, respectively.
The average diameter of Si QDs is 7 nm. The size of
agglomerates depends strongly on the kinds of ions. In Fig. 7(d),
the length of QDs wires is plotted as a function of the standard
redox potential of the divalent ions, Ca?*(-2.84 V), Mg?* (-2.35
V), Mn2* (-1.18 V), Zn%* (-0.762 V) and Ni2* (-0.257 V). Longer
wires are grown in metal ions with higher reduction potentials
(smaller ionization tendency). This suggests that reduction of
metal ions by Si QDs initiates the coagulation. When even
higher redox potential metal ions such as Au3* (1.52 V), Pt?*
(1.118 V), Ag* (0.7960 V) are mixed with Si QDs, they are
reduced and precipitate on Si QDs*0. The absence of coagulation
in Si QDs/KNO3; mixed solutions (Fig. 2(a-d)) is partly due to very
small redox potential of K* (-2.925 V).

This journal is © The Royal Society of Chemistry 2018

In addition to the reduction potential of metal ions, the
property of the counter ion, i.e., a Si QD, affects the critical
coagulation concentration. As described above, the surface of
Si QDs just after the preparation is H-terminated, and it is slowly
oxidized during storage in methanol. Fig. 4(a)-(c) shows TEM
images of Si QDs assemblies produced from Si QDs stored in
methanol for 2 hours, 2 days and 7 days, respectively. Zn?* is
used as a metal cation. The Si QDs concentration and [Zn2*]/[Si

[Ma®J1S Q0] = 50

3 2. .0
Standard reduction potantial (V)
Fig. 3 TEM images of Si QDs assemblies in methanol solutions containing Si
QDs 7 nm in diameter (Cs; = 50 ug/ml) and metal salts; (a) Ca(NOs),.4H,0, (b)
Mg(NOs),.6H,0 and (c) Ni(NOs),.6H,0. Length of Si QDs wires as a function of
the standard reduction potential of metal ions.
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Fig. 4 TEM images of Si QDs assemblies in Si QDs/Zn(NO3),.6H,0 mixed solutions. Si
QDs stored in methanol for (a) 2 hours, (b) 2 days and (c) 7 days are used for the
reaction. Si QDs concentration and [Zn2*]/[Si QD] are fixed to 50 pg/ml and 100,
respectively.

QD] are fixed to 50 pg/ml and 100, respectively. Si QDs wires
are grown only when very fresh Si QDs are used. In Si QDs stored
2 days in methanol, only clusters of 8 to 9 Si QDs are formed.
When the storage time is 7 days, no agglomerates are grown.
The difference between Fig. 4(a)-(c) can also be seen in the
optical transmittance spectra of the solutions (see Supporting
Information, Fig. S1t). The result that the agglomeration
proceeds efficiently only in fully H-terminated Si QDs suggests
that a H-related chemical reaction is involved in the
agglomeration process.

In order to study the mechanism of the anisotropic growth of
Si QDs assembly, we performed TEM observations of the
assemblies produced in smaller [metal ion]/[Si QD] ranges than
in Figs. 2-4. Fig. 5(a)-(d) shows the TEM images of Si QDs
assemblies in Si QDs/Ni(NOs3),.6H,O mixed solutions. The
concentration of Si QDs is fixed to 100 pug/ml and [Ni2*]/[Si QD]
is 20, 30, 40 and 50. At the smallest [Ni2*]/[Si QD] (Fig. 5(a)),
majority of Si QDs are isolated and clusters consisting of 5-8 Si
QDs are observed. The shape of the clusters is almost isotropic.
When [Ni2*]/[Si QD] is increased to 30 (Fig. 5(b)), isolated Si QDs
disappear and the number of clusters increases. The size and

shape of the clusters do not change significantly. Increase of

Nanoscale

[Ni2*]/[Si QD] to 40 (Fig. 5(c)) initiates an anisotropic growth of
the clusters. The width of the wires is almost the same as the
size of clusters in Fig. 5(b). Further increase of [Ni2*]/[Si QD] (Fig.
5(d)) results in the elongation of the wires and the formation of
a network structure, while the width of the wires is almost the
same as that in Fig. 5(c). The length of Si QDs wires depends not
only on [Ni2*]/[Si QD], but also on the amount of the ingredients.
In Fig. 5(e), the Si (200 pg/ml) and Ni2* concentration were
doubled compared to the solution in Fig. 5(c) by keeping
[Ni2*]/[Si QD] to 30. We can see extensive growth of Si QDs
networks. Interestingly, the width of Si QDs wires is again 25-35
nm. Fig. 5(f) shows a high-resolution TEM image of a very thin
part of a Si QDs wire. We can see that the wire is composed of
Si QDs with high crystallinity. Fig. 5(g) and (h) shows a high-angle
annular dark field (HAADF) scanning TEM (STEM) image and an
energy-dispersive X-ray spectroscopy (EDS) element mapping
image of Si, respectively. These images also confirm that the
wires are composed of Si QDs. EDS signal of Ni was too small to
be detected.

In order to know the origin of the magic number of the width
of Si QDs wires, i.e., 25-35 nm, we produce the assemblies by
using different size Si QDs. Fig. 6(a)-(d) shows TEM images of Si
QDs wires produced from 4, 7, 13 and 50 nm diameter Si QDs,
respectively. Several TEM images in the same samples are
shown in the Supporting Information (Fig. S21). The relation
between the width of the wires and the diameter of Si QDs is
shown in Fig. 6(e). The width is almost independent of the Si
QDs diameter, when it is in the range from 4 to 13 nm. As a
result, the number of Si QDs in the thickness direction of a wire
(right axis in Fig. 6(e)) decreases from 8 to 2. When the diameter
of Si QDs exceeds 30 nm, a one-dimensional array of Si QDs is
formed (Fig. 6(d)).

The data in Fig. 2-6 suggest the following process for the
growth of Si QDs wires and networks. First, Si QDs assemblies
25-35 nm in diameter are grown in mixture solutions of Si QDs

(8) [NFJS QD) =20 (b) NP SIGD] =30

id) INFSI QD) - S0

(c) INFPJISI 0] « 40

200 om
e ———

Fig. 5 (a-e) TEM images of Si QDs assemblies in Si QDs/Ni(NOs),.6H,0 mixed solutions; In (a-d), Si concentration is fixed to 100 pug/ml and [Ni2*]/[Si QD] is changed; (a) 20, (b)
30, (c) 40 and (d) 50. In (e), Si concentration is 200 ug/ml and [Ni%*]/[Si QD] is 30. (f) High-resolution TEM, (g) HAADF STEM and (h) STEM-EDS mapping (Si) images of a part

of (e).
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Fig. 6 TEM images of Si QDs assemblies produced by different size Si QDs. (a) D =
4.0 nm, [Ni#*]/[Si QD] = 100, Cs;= 10 ug/ml, (b) D = 7.0 nm, [Ni>*]/[Si QD] = 30, Cs; =
100 pg/ml, (c) D = 13 nm, [Zn?*]/[Si QD] = 100, Cs;= 10 pg/ml, (d) D =57 nm,
[Zn?*]/[Si QD] = 50, Cs;= 10 pg/ml. (e) Width of Si QDs wires as a function of the
diameter of Si QDs. Right axis is the number of Si QDs in the thickness direction.

and metal salts, and then coalescence growth of the clusters
starts if the amount of clusters exceeds a certain threshold. The
initial isotropic growth of Si clusters is explained by the decrease
of the surface potential of negatively charged Si QDs due to the
adsorption of positively-charged metal ions and by the
weakening of the Coulombic repulsion between Si QDs. In
addition to this effect, adsorption of a positively-charged ion on
the surface of a negatively-charged Si QD induces an anisotropy
in the charge distribution in the Si QD, and the QD can be
regarded as an electric dipole. The Coulombic attraction
between the dipoles results in the formation of a one-
dimensional array of Si QDs2041-45, |n the present system, the
former effect seems to be dominant until the size of the cluster
becomes 25-35 nm. Above the size, the latter effect controls the
agglomeration and one-dimensional wires and wire networks
are grown by keeping the width to 25-35 nm. In addition to the
Coulombic interaction, a chemical reaction plays a crucial role
for the formation of agglomerates, because agglomeration
proceeds efficiently only in fully H-terminated Si QDs as can be
seen in Figure 4. It is plausible that the shape of the
agglomerates is determined by the above mentioned process,
and the formation of chemical bonds between Si QDs and metal
ions is crucial to stabilize the agglomerates.

The process in the formation of agglomerates, i.e., mixture of
a Si QDs solution with that of metal ions, affects the
luminescence property of Si QDs. In the condition that
agglomerates are formed, the is severely
quenched. On the other hand, in the condition that no

luminescence

agglomerates are formed, e.g., mixture of a Si QDs solution with

This journal is © The Royal Society of Chemistry 2018
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that of monovalent metal ions, the quenching is much less
serious (Figure S3t in Supporting Information).

We now turn our attention to much larger size Si QDs
assemblies produced by much higher concentrations of Si QDs
and metal ions for the measurements of the macroscopic
properties. Fig. 7(a) and (b) shows optical microscope and
scanning electron microscope, respectively, images of Si QDs
assemblies produced by using Zn2*ions. The Si concentration is
500 pg/ml and [ZnZ*]/[Si QD] is 10,000. We can see growth of
rods with the width of about 20 um and the length of about 100
um. Interestingly, even in this extreme condition mixing very
large amounts of Si QDs and metal salt, structural anisotropy of
the shape is hold, although the width of the rod is much larger
than that of the wires produced in milder conditions in Figs. 2-
6.

In order to obtain information on the chemical bonds in the
large assembly, we perform the XPS measurements (Al Ka X-ray
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Fig. 7 (a) Optical microscope and (b) SEM images of Si QDs assemblies (rods)
produced by mixing very large concentration solutions of Si QDs and Zn?* ions; Cs;
=500 pg/ml and [Zn2*]/[Si QD]=10,000. Si 2p XPS spectra of (c) Si QDs and (d) Si
QDs assembly. () Number ratio of Si-O and Si-H bonds estimated from IR
absorption spectra before and after the formation of Si QDs assembly. (f) Zn 2p;/,
XPS spectrum of Si QDs assembly. (g) Schematic illustration of the structure of Si
QDs assembly.
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source, PHI X-tool, ULVAC-PHI). Fig. 7(c) shows the Si 2p XPS
spectrum of Si QDs (7 nm in diameter) stored in methanol for 2
hours. For the XPS measurements, a Si QDs solution was
dropped on a gold-coated metal plate. Broken curves are the
results of the decomposition of the peak into five Gaussian
functions. Each curve corresponds to different valence states of
Si, i.e., Si® (99.8 eV), Si'* (100.7 eV), Si?* (101.5 eV), Si3* (102.5
eV) and Si** (103.5 eV)449, Before the formation of the
assembly, Si® is dominant®%. By the formation of the assembly
(Fig. 7(d)), the intensity of the Si° signal decreases, while those
of Si?* and Si3* signals grow. Therefore, the formation of the
assembly is accompanied by slight oxidation of Si QDs. This is
consistent with the IR absorption data, which show the increase
of the number of Si-O bonds and the decrease of that of Si-H
bonds by the formation of the assembly (Fig. 7(e)). In the
Supporting Information (Figure S4t), P 2p and B 1s XPS spectra
of Si QDs and the assembly are shown. The P 2p peak around
130 eV and the B 1s one around 187-188 eV can be assigned to
neutral (non-oxidized) P and B, respectively 51. Since the spectra
are not modified by the formation of Si QDs assembly, dopant
sites are considered to be not directly related to the bridging
sites. Fig. 7(f) shows the Zn 2ps3,; XPS spectrum. A peak at
1022.35 eV coincides with that of ZnO (1022.1 + 0.4 eV),
indicating that Zn atoms are attached on Si QD surface via an
oxygen atom. By taking into accounts these results, the
structure of a Si QDs assembly is considered to be that
schematically shown in Fig. 7(g). Zn is attached on the surface
of Si QDs via oxygen atoms and bridges Si QDs, i.e., Si-O-Zn
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Fig. 8 (a) Optical microscope and SEM images of a Si QDs rod placed in between
Au/Ti electrodes with the separation of 10 um. (b) I-V characteristic of a Si QDs
rod measured in vacuum at room temperature in dark and under light irradiation
(A =405 nm). The irradiation power is changed from 3 to 20 mW. (c, d) I-V
characteristic of (c) Si QDs solids produced without metal ions and (d) Si QDs rods
on interdigitated electrodes measured in vacuum at room temperature in dark
and under light irradiation (A = 405 nm). The irradiation power is changed from 5
to 15 mw.
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bonds are formed on the surface Si QDs. In other word, Si QDs
are connected each other via ZnO.

The number ratio of Si and Zn estimated from the XPS data in
Fig. 7 is 67. From a rough estimation under the assumption that
the escape depth of a photoelectron is 2 nm, this number
corresponds to 121 Zn atoms per a Si QD. If a monolayer of ZnO
is formed on the surface of a Si QD, about 6% of the surface is
covered by ZnO.

In PbSe QDs, infilling the gap between QDs by ZnO improves
the carrier mobility significantly due to the lowering of the
height of the inter-QD tunneling barrier>2. A similar effect can
be expected in our Si QDs rods, although only a small region of
Si QDs surface has bonds with ZnO. Therefore, we measured the
current-voltage (I-V) characteristics of the Si QDs rods in Fig. 7.
For the measurements of the |-V characteristics and the photo-
response, a solution of Si QDs rods was dropped on Au (50
nm)/Ti (10 nm) electrodes with the gap of 10 um. Fig. 8(a) shows
the optical microscope and SEM images of the structure, in
which a Si QDs rod is placed between the electrodes by chance.
The black curve in Fig. 8(b) shows the I-V curve in vacuum
(1.4x102 mbar) in dark at room temperature. The I-V curve is
non-linear as has been commonly observed in Si QDs
assemblies®3. The conductivity is about 3.67x107 S/cm at 30 V.
In Fig. 8(b), we observe a photo response under irradiation at
405 nm, indicating that the Si QDs rod holds the semiconductor
character.

The conductivity of Si QDs rods are three orders of magnitude
larger than those of Si QDs solids made on the same electrode
without metal ions (Supporting Information, Fig. S51). However,
this comparison is not very fair due to very large difference of
the geometry between the rods and flat solids of Si QDs. In
order to do fairer comparison of the conductivity, we prepare
large interdigitated electrodes (width: 20 um, separation: 20
um, overlap: 2 mm) and dropped the solutions of Si QDs and the
rods containing the same number of Si QDs on the electrodes.
Fig. 8(c) and (d) shows the |-V curves of Si QDs solid made
without metal ions and Si QDs rods, respectively, in vacuum (1.4
x 102 mbar) at room temperature. In the former case, the
electrode is covered by a very uniform QDs film, while in the
latter case, only a very small area of the electrodes is bridged by
the rods as can be seen in the inset in Fig. 8(d). Despite very
small current path in Si QDs rods in Fig. 8(d), the conductivity is
largely improved compared to that of the Si QDs solids
produced without Zn2*. This confirms that the ZnO bridge
improves the conductivity between Si QDs greatly.

Conclusions

We have succeeded in producing wires and networks of Si QDs
by using bridges of divalent and trivalent metal ions. We found
that the width of the wires is almost independent of the
preparation parameters and is always 25-35 nm, except for the
case when Si QDs larger than 30 nm are used. On the other hand,
the length of the wires and the size of the networks depend

This journal is © The Royal Society of Chemistry 2018
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strongly on the kinds of ions, the amount of ions and the
amount of Si QDs in a mixture solution. Furthermore, the
surface property of Si QDs is a decisive factor for the formation
of the assemblies. In proper conditions, the length of the wires
exceeds 1 um. In addition to the development of microscopic
assemblies of Si QDs, we produced macroscopic size assemblies
of Si QDs with the width of ~20 um by using ZnZ* ions. The XPS
analyses revealed that Zn atoms are connected on Si QDs
surface via O atoms and Si QDs are bridged by ZnO. In the Si QDs
rods, the charge transport is significantly improved compared
to that of Si QDs solids produced without metal ions. Therefore,
assembling Si QDs via metal ion bridges is a promising approach
to improve the performance of Si QDs-based optoelectronic
devices.
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