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Colloidal silicon nanocrystals (SiNCs) are a promising material for next-generation nanostructured devices.
High-stability SINC solutions are required for practical use as well as studies on the properties of SINC. Here,
we show a solution of SINCs that was stable for one year without aggregation. The stable solution was
synthesized by a facile process, i.e., pulsed laser ablation of a Si wafer in isopropyl alcohol (IPA). The
long-term stability was due to a large {-potential of —50 mV from a SiNC passivation layer composed of
oxygen, hydrogen, and alkane groups, according to the results of eight experiments and theoretical
calculations. This passivation layer also resulted in good performance as an additive for a conductive

polymer film. Namely, a 5-fold enhancement in carrier density was established by the addition of SiNCs
Received 24th October 2018 int ) ducti | ly(3-dodecylthioph ) hich i ful f l it
Accepted 3rd December 2018 into an organic conductive polymer, poly(3-dodecylthiophene), which is useful for solar cells.

Furthermore, it was found that fresh (<1 day) and aged (4 months) SiNCs give the same enhancement.

DOI: 10.1039/c8ra08816k The long-term stability was attributed to a great repulsive energy in IPA, whose value was quantified as

rsc.li/rsc-advances

Introduction

Colloidal semiconductor nanoparticles (NPs) have attracted
great interest in the field of electronic, photonic, and magnetic
materials."® Specifically, colloidal NPs, e.g., those used in
printed electronics, are a promising material for development
of quantum dot displays, sensors, solar cells, and flexible
circuits via solution processes.*® One problem that must be
solved is creation of stable colloidal NPs that do not aggregate
during production processing and storage.”” To solve this
problem, NPs have been stabilized by surface modification for
steric hindrance'*™ or electrostatic interaction.®*® In fact, NPs
with surface passivation appear as an optically clear solution for
up to several months, whereas NPs without passivation form
a cloudy dispersion in a short time."” "

Synthesis of surface-passivated NPs is principally categorized
into chemical®***** and physical****** methods. In chemical
methods, reduction and decomposition of reactants synthesizes
colloidal NPs with a stability of up to months, e.g., no aggre-
gation of Au NPs for eleven months via passivation with long-
chain polyethylene glycol groups® and of ZnO NPs for six
months via passivation with the long-chain functional group
methacrylate.” Physical synthesis methods such as milling,
plasma treatment, sputtering, etching, and sonication of target
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a function the distance between SiNCs.

materials produce concentrated solutions of NPs with no
precipitation and stable optical properties that last for
months.”> However, almost all methods require various
reagents, multiple steps, high temperatures, vacuum condi-
tions, and long synthesis times. Another critical issue is that the
NP surfaces are sensitive to carrier injection and transport in
a device." Specifically, long-chain passivation disturbs carrier
injection and transport in the device, whereas short-chain
passivation causes aggregation of NPs. Accordingly, a trade-off
exists between long-term stability and good performance of
electrical materials.

Another good synthesis method for NPs known as pulsed
laser ablation*® in liquid (PLAL) is a promising approach used
to obtain stable colloidal NPs, as shown in Scheme 1. This
method consists of a one-step process conducted at room
temperature with a short duration, e.g., a few minutes to an
hour.>**%¢ In addition, the scalability of NPs in PLAL has
attracted much attention, e.g., a synthesis rate as high 4 g h=".%®
To this end, production of Si nanocrystals (SiNCs) by PLAL has
been investigated in various liquids (Table S1, ESIt), and a clear
colour and stability for a period of at least forty days were
observed in alcohol.****** Therefore, passivated SiNCs have
been synthesized by PLAL in alkyl, halide, and aromatic

IPA o

Laser HiC

Scheme 1 |llustration of PLAL to generate SiNCs.
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hydrocarbons,***> and stable optical properties over a period of
months were observed after long-alkyl passivation.**** Because
Si is a bioinert, abundant, and cost-effective material,>***
colloidal SiNPs have been used to develop solar cells,® light
emitters,* on-skin sensors,* and Li-ion batteries®® via solution
processes.®”"7

In a previous study, we synthesized SiNCs using the two
different methods of PLA3%3%24446:47:5% and ball milling,”” both
of which are mechano-synthesis methods. We note that the
SiNCs prepared by ball milling in isopropyl alcohol (IPA)
showed notably long-term (4 months) stability, which is attrib-
uted to their large {-potential.”” However, the essential factor in
achievement of long-term stability and the mechanism of the
large {-potential has not yet been understand. Because ball
milling itself is a simple method, this approach involves
complex processes that require understanding of the details of
the reaction mechanism. Interestingly, laser light is a well-
defined source of measurable energy injected into a material
during synthesis, and theoretical research on nanoparticle
synthesis has been reported in PLAL.

In this work, we describe a SiNCs solution synthesized by
PLAL in IPA that is stable for one year (Scheme 1). The particle
sizes and {-potential were tracked for one year. In addition, the
structures and optical properties of the SiNCs were quantified
using eight experimental methods and theoretical calculations.
Furthermore, it was found that the stable SiNCs solution
demonstrate 5-fold enhancement of charge density when
involved in a flexible film prepared by a wet process.

Experimental

PLAL was conducted using the second harmonic of a Nd:YAG
laser (Rayture Systems, RH-30) as a light source for 1 h at
a repetition rate of 20 Hz. The laser was operated at 532 nm with
a pulse width of 7 ns. The laser fluence during PLAL was in the
range from 0.2 to 0.9 J cm™ 2, which were adjusted by changing
the irradiated area. Namely, diameters of these area were set as
1.1, 1.9, and 1.5 mm for fluences of 0.2, 0.5, and 0.9 J cm ™2,
respectively, on the surface of a target Si wafer. A crystal Si wafer
with a (111) plane (500441 or 500439, Nilaco) was immersed in
IPA (29113-95, NACALAI TESQUE) with a volume of 1.5 mL in
a quartz cuvette at room temperature. After PLAL, the SiNC
solutions were filtered using a PTFE syringe filter with a pore
size of 0.2 pm (6784-1302, Whatman).

Dynamic light scattering (DLS) measurements were per-
formed using a commercial instrument (Zetasizer Nano ZS,
Malvern Instruments) with a wavelength of 532 nm to deter-
mine the size distribution and ¢-potential of the SiNCs
dispersed in IPA. The sizes of the dried SiNCs were analyzed
using transmission electron microscopy (TEM) (JEM-2011,
JEOL). The TEM samples were prepared by dropping the SiNC
solution onto TEM grids (10-1013, STEM Cul00P, Okenshoji
Co., Ltd.) in a glovebox (UNILab, MBRAUN) filled with high-
purity argon gas (99.999%, Taiyo Nippon Sanso). The Raman
spectra of the dried SiNCs were measured using a commercial
Raman spectrometer (T64000, Horiba Jobin Yvon) at an excita-
tion wavelength of 514.5 nm. The Fourier transform infrared
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(FTIR) (FT/IR-4200, Jasco) spectra of the SiNCs were measured
by the attenuated total reflectance (ATR) method for droplets of
the sample (SiNCs in IPA) and reference (IPA) on an ATR prism
made of zinc selenide (ATR PRO450-S, Jasco). X-ray photoelec-
tron spectroscopy (XPS) was performed using a spectrometer
(ESCA3400, Shimadzu) with Mg K, as the X-ray source.

The SiNC/poly(3-dodecylthiophene) (P3DDT) hybrid film was
prepared by the successive drop-casting method described
elsewhere.”” Briefly, SINCs dissolved in 2-propanol were drop-
ped onto an indium tin oxide (ITO)-coated glass substrate
(FLAT-ITO, Geomatec), followed by drop casting of P3DDT
(regioregularity 97%, M,, = 27 kDa, PDI = 1.5, Sigma Aldrich)
dissolved in chlorobenzene onto the SiNCs. The weight ratio in
the hybrid film was 25 wt% SiNCs and 75 wt% P3DDT, which
was determined using an analytical balance (Sartorius, MC1).
After the film was dried for 12 h in air at room temperature, an
Al electrode was deposited on the film using a vacuum evapo-
ration system (SVC-700TM, Sanyu Electron). A pristine P3DDT
film was prepared in the same manner as the hybrid film
without SiNCs. The photoconductivity of films with thicknesses
of 4-5 um was measured using an in-house-built instrument
described elsewhere.” The light source was the second
harmonic of an Nd:YAG laser (A = 532 nm, 7 ns, 6 Hz, 0.5 puJ per
pulse). The photoluminescence (PL) decay of the films was
measured using a photon counting method (FluoroCube,
Horiba) at an excitation wavelength of 453 nm and a lumines-
cence wavelength of 720 nm. The surface roughnesses of the
films were measured using a confocal laser microscope (Shi-
madzu, OLS4000) equipped with a 100x objective and an
atomic force microscope (SPM-9700, Shimadzu) in tapping
mode.

Results and discussion

Fig. 1a shows the transmission electron microscopy (TEM)
images of the products synthesized by PLAL in IPA. The mean
sizes of the products were 12, 8, and 6 nm at laser fluences of
0.2, 0.5, and 0.9 J cm™?, respectively. The lattice fringe of the
(111) plane of crystalline Si was observed in all images. Thus,
the products are crystalline Si nanoparticles. Fig. 1b shows the
Raman spectra of the products. The crystalline-Si band at
520 cm ™! is present, but the amorphous-Si band at 480 cm ™" is
absent. These results indicate that the product is composed of
SINC. The size of the crystalline region involved in the SiNC was
estimated using an empirical equation relating Raman shift (v)
and crystalline size (D) of spherical SINC (Fig. S1t):7*

v = vy — 47.41(0.543/D)! (1)

where v, is the Raman shift of bulk-crystal Si. As a result, the
crystalline sizes were 12, 6, and 5 nm for 0.2, 0.5, and 0.9 ] cm ™2,
respectively, as listed in Table 1.

Fig. 1c shows a typical result for DLS of SiNCs dispersed in
IPA. The single size distribution reveals a good dispersion of
colloidal SiNCs. As shown in Fig. 1d, the mean sizes of the
SiNCs were 13, 8, and 6 nm as number-weighted size and 16, 10,

and 7 nm as volume-weighted size for 0.2, 0.5, and 0.9 J cm 2,

This journal is © The Royal Society of Chemistry 2018
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Fig. 1

(@) TEM, (b) Raman, and (c)—(g) DLS results. (a) and (b) TEM images and Raman spectra of SiNCs synthesized by PLAL at fluences of 0.9, 0.5,

or 0.2 J cm~2. Histogram is obtained from thirty SINCs. The dashed line is the frequency of the Raman band for bulk-crystal Si. (c) A typical DLS
result for the time correlation function of SiNCs dispersed in IPA. The inset shows the size distribution of SiNCs determined by analyzing the
correlation function using the nonnegative least-squares method. The size distributions weighted by volume and number are shown by solid and
dashed curves, respectively. (d) Fluence dependence of the size distribution of the SiNCs. Arrows denote the mean size. The volume-weighted
mean size of SINCs in IPA as a function of: (e) PLAL repetition rate and duration, (f) laser fluence, and (g) aging time. Dotted lines are used as
a visual guide. The photograph in (g) shows the SiNCs in IPA before and after aging for one year.

respectively (Table 1). Their mean sizes and size-distribution
profiles are similar to those observed in the TEM images
(Fig. 1a). Note that the size was independent of the PLAL
parameters, such as the repetition rate (1-20 Hz) and duration
(1-120 min), as shown in Fig. 1e. However, the size was tunable
continuously by the laser fluence, as shown in Fig. 1f. Addi-
tionally, the size did not change during aging in IPA for one year

(Fig. 1g). The photograph in Fig. 1g shows the solutions of
SiNCs dispersed in IPA before and after aging, which are similar
to each other. Therefore, a stable colloid SiNC is synthesized by
a nanosecond laser pulse on a Si wafer immersed in IPA.

Fig. 2a shows the {-potentials of SiNCs dispersed in IPA.
Their values are listed in Table 1. A large negative value of
—50 mV is observed and remains for one year. This result is the

Table 1 The mean size, {-potential, and passivation ratio of SINCs synthesized at different fluences. The analysis of the passivation ratio in

described in Note S1 of the ESI

Mean size (nm)

Passivation ratio (%)

DLS
Fluence (J cm™?) TEM Raman number-weighted volume-weighted {-Potential (mV) Si-O Si-H Si-CH,
0.2 12.1 + 2.8 11.9 £ 0.9 13.0 £ 1.6 15.8 £ 1.6 —54 37 34 29
0.5 8.0 £ 0.6 5.8 £ 0.5 8.2 £ 0.5 9.7 £ 1.6 —46 35 33 32
0.9 6.3 £ 0.3 5.0 £ 0.2 6.1 £ 0.3 6.8 £ 0.4 —43 31 34 35

This journal is © The Royal Society of Chemistry 2018
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same as the previous result obtained for SiNCs prepared by ball
milling in IPA.”” Such a large {-potential is considered a driving
force for a good dispersion of colloidal SiNCs without aggre-
gation (vide infra).

To investigate the origin of the large negative {-potential, we
measured the Fourier transform infrared (FTIR) spectra of
SiNCs (Fig. 2b) and analysed the number of functional groups
using their oscillator strengths.*»** The spectra indicate the Si-
O, Si-H, Si-C, and C-H stretching modes of the functional
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Fig. 2 (a) The {-potential of SiNCs in IPA (top) and its aging-time
dependence (bottom). Dotted lines are used as visual guides. (b) FTIR
spectra of SINCs. Insets show data for the C—H or Si—H stretching
mode regions. (c) The analysis of the C—H stretching mode for CHs
and CH, components using the Gaussian functions. The ratios denote
the number ratio of methyl, ethyl, and propyl groups considered as
passivation species of short alkyl chains.
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groups attached to the SiNCs as the passivation species of O, H,
and CH,. The CH, species are assigned to short alkyl chains
such as either methyl, ethyl, or propyl groups. This is because
the integrated intensity of spectrum for CH; (=2970 cm™ *)?>®
is higher than that of CH, (=2930 cm ').>>%> Namely, the
intensity is two-fold high, as shown in Fig. 2c. The two-fold is
given by the combination of methyl, ethyl, propyl groups, whose
ratios are 5 : 3 : 1, respectively. Table 1 lists the relative amounts
of the functional groups; the Si-O, Si-H, and Si-CH, compo-
nents comprise 37, 34, and 29%, respectively, for 0.2 J cm™?
(Note S17). Si-O and Si-H have a negative charge, whereas Si-
CH, has a positive charge. The net charge becomes negative, as
described in Note S2. The SiNCs repel each other and do not
agglomerate due to the negative charge. In fact, no aggregation
is observed with a negative {-potential, as shown in Fig. 1g and
2a. Table 1 also shows that the passivation ratio is changed by
the laser fluence. A higher fluence results in more Si-CH,.
Namely, the negativity of the {-potential decreases with the
increasing fluence. In fact, such a trend is observed in the ¢-
potential, as shown in Fig. 2a.

Chemical species on the surface of SiNPs were also analysed
by XPS measurements. C, O, Si, and Al elements are observed
using SiNCs deposited on an Al substrate, as shown in Fig. 3a.
The former three elements are due to SiNCs and the latter one is
the substrate. Fig. 3b shows Si-O, Si-H, Si-C, and C-H bands.
Since the species are in good agreement with the results of FTIR
spectra, it can be concluded that the SiNCs prepared by PLAL in
IPA are passivated by the functional groups.

To discuss the synthesis mechanism that depends on the
laser fluence, we estimated the temperature increase due to
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Fig. 3 XPS spectra of SiNCs. (a) Survey spectrum. (b) Spectra for C 1s,

O 1s, Si 2p, and Al 2p. The spectra were analysed using the Gaussian
functions.
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laser irradiation of a single shot on the Si target. The calculation
was conducted using a heat conduction equation for PLA.***

T(x,1)  d <DT 6T(§§, t)) N E‘[E)gpt) @)

dt dx

T(x,t) = (1 —R)A™ <%) v J; I(t— r)exp( - %;) /2ds
(3)

where T is the temperature; ¢ is the time; x is the position (x =
0 at surface); Dy, p, Cp, R, and A are the thermal diffusivity,
density, heat capacity, reflectivity, and thermal conductivity,
respectively, of the Si target; E is the energy from the laser; and I
is the incident power density of the spatially uniform laser.
Fig. 4 shows the calculated results of the temperature over time
before and after pulse laser irradiation. When the fluence is low
(0.2 J em™?), the temperature increases to the melting point of
Si.®® Since SiNCs at 0.2 ] cm ™2 are large and inhomogeneous
(Fig. 1a), the results indicate that large and inhomogeneous
SiNCs are generated near the threshold of melting. When the
fluence is high (0.9 ] cm™?), the temperature is high (Fig. 4), and
the size is small (Fig. 1f). Thus, a higher temperature produces
smaller SiNCs. It has been reported that higher temperatures
cause smaller critical-size nuclei, which share ablated Si and
become smaller SiNCs.***” Thus, a higher fluence results in
smaller SiNCs.

Next, we investigated the fluence dependence of passivation.
According to a previous ab initio calculation for the thermal
decomposition of IPA*® the following reaction occurs as
a principle pathway at a temperature higher than 1200 K

CH,;C(H)OHCH; — CH;C(H)OH + CH; (4)
3107
% = P [ 1500
S B local temperature (_n'
= 24 at Si surface _g
5] 3 A L1000 3
g 3 £
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I3 E =
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Fig. 4 A time profile of the calculated temperature on the Si-target
surface by laser pulse irradiation (top) and its fluence dependence
(bottom). The mp and bp denote the melting point and boiling point,
respectively, of bulk-crystal Si.2®
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The calculated temperature was higher than 1200 K from a few
nanoseconds to a few tens of nanoseconds, as shown in Fig. 4.
The reaction (4) produces alkyl species, which can attach to
SiNCs as alkyl passivation. This reaction (4) becomes more
dominant than other decomposition reactions as the tempera-
ture increases.”® Since a higher fluence causes a higher
temperature, as shown in Fig. 4, more alkyl passivation can
appear at a higher fluence. In fact, an increase in alkyl passiv-
ation with an increase in fluence is observed in the FTIR results,
as shown in Table 1. A higher ratio of alkyl passivation is ob-
tained with a higher fluence. The positive charge of the alkyl
group reduces the negative {-potential, and the negative (-
potential decreases as the fluence increases, as shown in Fig. 2a.

A solution-processed SiNCs/P3DDT hybrid film was demon-
strated as an example of printed solar cell application. The
P3DDT is a conductive polymer with good flexibility, photo-
stability, and mechanical durability.*>*® Fig. 5a shows the time
profile of photogenerated holes in a P3DDT pristine film or
a SINC/P3DDT hybrid film. The SiNCs were used within one day
or four months of synthesis at 0.9 J em™> The integrated-
intensity profile for the hybrid film is higher than that for the
pristine film. This result indicates a higher hole density in the
hybrid film. The magnitude of the hole density was estimated
using a previous method.*” As a result, a 5-fold enhancement
was evaluated by the addition of SiNCs into a P3DDT film, as
shown in Fig. 5b (photo-conversion efficiency was estimated in
Note S37). Furthermore, the degree of the enhancement is the
same for fresh and aged SiNCs. Hole densities of the hybrid
films composed of SiNC (fresh <1 day)/P3DDT and SiNC (aged 4
months)/P3DDT were (5.0 + 0.3) x 10~° and (4.7 + 0.6) x 10™°
C, respectively (Fig. 5b). Here, let us mention the reason for the
enhancement. It can be attributed to the charge separation of
P3DDT excitons (Fig. S2t), because an electron can transfer
from P3DDT to the SiNCs at the P3DDT/SiNCs interface,
according to the energy diagram in Fig. 5c. In addition, alkyl
passivation allows energy transfer with no energy barrier,**-**
as shown in Fig. 5c. This explanation is consistent with the
results of PL decay. PL decay of the hybrid film is faster than
that of the pristine film due to faster charge separation, as
shown in Fig. 5d. The hybrid film presented here has a free
standing (Fig. 5e) and smooth surface (Fig. 5f and g), which is
convenient for integration into soft electronics. Since the light
emission of the SiNCs was weak (Fig. S31), we show not photo-
emitting but photo-detecting application.

Finally, we describe the details about stability in the current
system. The SiNCs in IPA showed large {-potential (vide supra).
This large {-potential is due to a large surface charge, which can
cause great repulsive energy between SiNCs by Coulomb's
potential, i.e. V = g*/4Te.eor, where g is charge, e, is relative
permittivity of solvent, ¢, is the vacuum permittivity, and r is
separation of SiNCs. In general, a great repulsive energy results
in a good dispersion and a high stability in solution. In addi-
tion, the repulsive energy becomes further higher when 1/¢, of
solvent is large. In fact, the 1/e; of IPA is 0.05,% which is larger
than that of ethanol (0.04), methanol (0.03), or water (0.01).%®
Consequently, IPA solvent used in the present study can give
both large repulsive energy and high stability. To understand

RSC Adv., 2018, 8, 41299-41307 | 41303
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(a) Time profiles for holes photogenerated in a P3DDT pristine film and a SINCs/P3DDT hybrid film. The SiNCs were used within 1 day or

after 4 months aging in IPA. (b) Hole densities of the pristine and hybrid films. A higher fluence corresponds to a higher alkyl passivation of SiNCs,
as listed in Table 1. The SiNCs were used within 1 day or after 4 months. (c) Schematic illustration of the dissociation of P3DDT excitons on the
basis of the band diagram of P3DDT and Si.°*°2 C.B. and V.B. denote conduction and valence bands, respectively, and their energies are changed
by the passivation species. The LUMO level of P3DDT lies above the conduction band of Si, which enables exciton dissociation and electron
transfer. (d) PL decay for the pristine and hybrid films. (e) A photograph of a free-standing flexible hybrid film, which was obtained by peeling the
hybrid film from a substrate using tweezers. (f) The laser microscopy image and surface roughness of the hybrid film. The surface roughnesses of
the arithmetic mean height, S,, for the hybrid and pristine films were 0.04 and 0.02 um, respectively. (g) The atomic force microscope (AFM)

height image of the hybrid film.

further detail mechanism, we quantified the repulsive and
attractive energies as a function of the distance between SiNCs,
based on DLVO (Derjaguin-Landau-Verwey-Overbeek) theory.**
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Fig. 6 Calculated results of (a) Vg, (b) Va, and (c) V between SiNCs in
IPA, ethanol, methanol, or water. These data quantify repulsive (V) and
attractive (V) energies between SiNCs in the four solvents as function
of the distance.
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The calculated results are shown in Fig. 6 using the following
equations.

VN == VA + VR (5)
Va = —Aall2x (6)
Ve = 4meeoa’e exp(—kx)/(2a + x) (7)

where Vi and V, are repulsive and attractive energies, respec-
tively, A the Hamaker constant;**® a the SiNCs radius;*"** x the
distance between two SiNCs surfaces; { the {-potential; exp(—«x)
approximately unity at no electrolyte.®* According to the results
in Fig. 6, the repulsive energy for SiNCs in IPA is the highest in
the solvents at the all the distance. Thus, the SiNCs in IPA do
not aggregate such as a long period for 1 year. This high stability
and quantified analysis of SiNCs are very important for appli-
cations, e.g. printed electronics and materials of a Li-ion battery,
as well as the interpretation of long stability of SiNCs (4
months), previously synthesized by the ball milling in IPA.””

Conclusions

Colloidal SiNCs were prepared by a one-step and one-pot PLAL
method with a Si wafer immersed in IPA in a cuvette. The
products were analyzed by DLS, TEM, Raman, {-potential, IR,
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XPS, photoconductivity, and PL decay measurements, and
temperature and potential-energy calculations. The results
show that the SiNCs synthesized were stable for one year in IPA
with no aggregation due to a large {-potential of —50 mV, which
is attributed to a passivation layer composed of oxygen,
hydrogen, and short alkyl groups. The mechanism of long-term
stability was attributed to the strong repulsive energy among the
SiNCs in IPA, whose amounts were calculated as a function of
distance of the SiNCs particles in all the solvents. As the other
important conclusions, an increase in fluence causes a decrease
in the SiNC size and an increase in alkyl passivation due to an
increase in temperature. The alkyl passivation contributed to
a 5-fold enhancement in the hole density for a solution-
processed hybrid film, and then this enhancement was not
changed using SiNCs aged for 4 months. Such an enhancement
can serve for the development of optoelectronics such as solar
cells. Thus, stable and applicable SiNCs can be established by
a laser and environmentally benign materials. The method
presented here does not require toxic reagents, vacuum, and
a long time to produce very stable colloidal SiNCs at room
temperature and enhances the properties of flexible polymer
films.
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