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ABSTRACT: Colloidal heavily doped silicon nanocrystals (Si
NCs) exhibiting tunable localized surface plasmon resonance
(LSPR) are of great interest in cost-effective, solution-
processed optoelectronic devices given the abundance and
nontoxicity of Si. In this work we show that tunable plasmonic
properties and colloidal stability without the use of ligands can
be simultaneously obtained for Si NCs heavily doped with
boron (B). The heavily B-doped Si NC colloids are found to
be stable in air for months, opening up the possibility of device
processing in ambient atmosphere. The optical absorption of
heavily B-doped Si NCs reveals that the heavy B doping not
only changes the concentration of free carriers that are
confined in Si NCs but also modifies the band structure of Si NCs. After heavy B doping both indirect and direct electronic
transition energies remarkably decrease in Si NCs because the heavy B doping induced movement of the conduction band
toward the band gap could be more significant than that of the Fermi level into the valence band. The LSPR of heavily B-doped
Si NCs originates from free holes above the Fermi level, which are largely from the B-induced impurity band.
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As an emerging new class of plasmonic nanomaterials,
heavily doped semiconductor nanocrystals (NCs) with

localized surface plasmon resonance (LSPR) have received
great attention in the past few years because of their potential
applications in novel optoelectronic devices.1−3 In contrast to
conventional metal NCs, the plasmonic properties of heavily
doped semiconductor NCs are largely dependent on the
tunable concentration of free carriers that are confined in
semiconductor NCs. The tunability of the free carrier
concentration of semiconductor NCs may be realized either
by intrinsically introducing defects or extrinsically doping
impurities.4−11 Despite recent impressive progress made on the
heavy-doping-enabled LSPR of semiconductor NCs, the
applications of plasmonic semiconductor NCs in optoelectronic
devices remain challenging. Creating stable heavily doped
semiconductor-NC colloids is particularly demanded for the
integration of the doping-enabled plasmonic properties with
high-performance, low-cost optoelectronic devices, given the
fact that uniform and dense thin films may be inexpensively
fabricated by using printing.12−15 A common method to obtain
stable semiconductor-NC colloids is the functionalization of the
surface of semiconductor NCs by using organic ligands, which
effectively suppress the van der Waals force induced
agglomeration of semiconductor NCs.16−21 However, it

becomes exceedingly difficult to functionalize the surface of
heavily doped semiconductor NCs because some of the doped
impurities inevitably reside at the NC surface,22−24 leading to a
significant change of the surface chemistry of semiconductor
NCs. Moreover, it should be noted that organic ligands at the
NC surface may seriously hinder the transport of carriers in
semiconductor-NC films,25−28 even if the surface of heavily
doped semiconductor NCs are successfully functionalized with
organic ligands.
As one of the most important semiconductor NCs, silicon

(Si) NCs may be heavily doped to exhibit mid-infrared
LSPR.8,9,11,29 In contrast, the LSPRs of other NCs are routinely
limited in the visible and near-infrared regions.2−5,7 It is
additionally known that Si is abundant and nontoxic. Therefore,
heavily doped Si NCs hold considerable promise for
plasmonics. Wheeler et al.30 have recently indicated that the
colloidal stability of plasmonic Si NCs can be confronted by
functionalizing the NC surface with highly electronegative
chlorine (Cl). The large bond polarization induced by Cl
induces a hypervalent interaction between the NC surface and
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hard donor molecules, providing the heavy doping and colloidal
stability of Si NCs. But the plasmonic properties of Si NCs are
unlikely to be widely tuned by the hypervalent interaction. In
addition, Si−Cl bonds are not stable in air,31−34 limiting the
processing of Si NCs inside an inert atmosphere.
In this work, we demonstrate that tunable infrared LSPR and

colloidal stability can be realized at the same time for heavily
boron (B)-doped Si NCs without the use of ligands. The effect
of heavy B doping on the band structure of Si NCs has been
explored by optical absorption measurements. It is found that
the heavy B doping leads to a decrease of the energy for both
the indirect and direct electronic transitions in Si NCs because
the heavy B doping induced move of the conduction band
toward the band gap could be more significant than that of the

Fermi level into the valence band. The knowledge on the band
structure of heavily B-doped Si NCs helps clarify the origin of
LSPR in heavily doped semiconductor NCs.

■ RESULTS AND DISCUSSION

Both undoped and heavily B-doped Si NCs have been
synthesized by using a SiH4-based nonthermal plasma.23,35−37

After storage in air for 15 months both undoped and heavily B-
doped Si NCs are treated with hydrofluoric acid (HF) to
render a much less defective NC surface.38 The resulting
hydrogen (H)-passivated NCs are characterized by using
transmission electron microscopy (TEM). It is found that
heavy B doping hardly changes the size and crystallinity of Si
NCs (Figure S1 in the Supporting Information). Figure 1

Figure 1. (a) Low-resolution TEM image, (b) high-resolution TEM image, and (c) size distribution of Si NCs heavily doped with B at the
concentration of ∼7%.

Figure 2. (a) Photographs of undoped Si NCs (left), heavily B-doped Si NCs (middle), and Cl-passivated Si NCs (right) in benzonitrile. The
concentrations for all Si NCs in benzonitrile are 0.04 mg/mL. (b) UV−vis absorption spectra of undoped Si NCs, heavily B-doped Si NCs, and Cl-
passivated Si NCs in benzonitrile. (c) Scanning electron microscopy (SEM) and atomic force microscopy (AFM) (inset) show that a continuous,
dense, and smooth film is obtained by drop-casting heavily B-doped Si NC colloid on a Si substrate. Scale bar, 2 μm. (d) FTIR spectra of undoped
and heavily B-doped Si NCs. (e) X-ray photoelectron spectra of heavily B-doped Si NCs. In the B 1s spectrum the peaks at 184.8 (blue) and 188.3
eV (red) originate from the B atoms bonded to three Si atoms (B(III)−Si) and B atoms bonded to four Si atoms (B(IV)−Si), respectively. The two
higher energy peaks at 191.2 and 193.0 eV (orange) are due to B atoms bonded with O. The concentration of B for heavily doped Si NCs is ∼7%.
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representatively shows the TEM results for Si NCs doped with
B at a concentration of ∼7%. The low-resolution TEM image
(Figure 1a) and high-resolution TEM image (Figure 1b) clearly
show sphere-like Si NCs. In addition to lattice fringes, twining
is also observed in the high-resolution TEM image (Figure 1b),
characteristic of the heavy B doping of Si NCs.9 The average
size of Si NCs is found to be 7.5 ± 1.3 nm by analyzing their
size distributions (Figure 1c).
Colloidal Stability. It is well-known that undoped Si NCs

are not soluble in most nonpolar solvents.39 The choice of
appropriate polar solvents such as benzonitrile may enable
dilute solutions of undoped Si NCs after sonification,40 but
undoped Si NCs agglomerate quickly. Figure 2a shows the
resulting cloudy dispersion of undoped Si NCs (left image). In
contrast to undoped Si NCs, heavily B-doped Si NCs may be
readily dispersed in benzonitrile, leading to an optically
transparent colloid (Figure 2a, middle image). This indicates
that the agglomeration of Si NCs in benzonitrile is essentially
suppressed by heavy B doping. The dispersibility of heavily B-
doped Si NCs in benzonitrile is basically as good as that of Cl-
passivated undoped Si NCs (Figure 2a, right image). Figure 2b
shows the UV−vis absorption spectra of the benzonitrile
solutions of undoped, heavily B-doped, and Cl-passivated Si
NCs. Due to the agglomeration-induced light scattering,
undoped Si NCs exhibit apparent optical absorption when
the wavelength is > ∼600 nm. However, the optical absorbance
of heavily B-doped Si NCs and Cl-passivated Si NCs are almost
zero in the long-wavelength region because their light scattering
is negligible (Figure S2 in the Supporting Information). The
stability of heavily B-doped Si NCs in benzonitrile has been
studied by recording the optical absorption of the colloids
during the course of storage in air (Figure S3 in the Supporting
Information). It can be seen that there is almost no change in
the absorption spectra as storage time in air increases up to 4
months (Figure S3 in the Supporting Information). Therefore,
we claim that heavily B-doped Si NCs are readily well-dispersed
and highly stable in benzonitrile. We would like to point out
that the Cl-passivated Si NCs strongly agglomerate and
precipitate in benzonitrile after they are stored in air for a
few days because of the instability of Si−Cl bonds at the NC
surface.31−34 The colloidal stability in air provided by heavy B

doping in air opens up the possibility of the processing of
devices that are based on Si NC films in ambient atmosphere.
Figure 2c shows the scanning electronic microscopy (SEM)
image of a continuous and dense film obtained by drop-casting
a 5 mg/mL benzonitrile solution of Si NCs heavily doped with
B at the concentration of ∼7% onto a Si substrate in air. The
film is rather smooth, with an average roughness of 15 nm,
which is measured with atomic force microscopy (AFM) (inset
of Figure 2c). It is the excellent dispersion of heavily B-doped
Si NCs in benzonitrile that enables the continuity and
smoothness of the Si NC film.
The colloidal stability of Si NCs in benzonitrile is largely

dependent on their surface chemistry.39,40 We have used
Fourier transform infrared (FTIR) spectroscopy to characterize
the Si NC films casted from the colloids of undoped and
heavily B-doped Si NCs. Figure 2d shows the obtained FTIR
results for both undoped and heavily B-doped Si NCs. For
undoped Si NCs, the most prominent peaks at ∼640, 890, and
2100 cm−1 are basically related to the vibration of Si−H
bonds.41 Small peaks at ∼810 and 1100 cm−1 associated with
the Si−O stretching mode41 can also be observed in the
spectrum, indicating a little O exists at the NC surface. These
peaks are all present in the FTIR spectrum of heavily B-doped
Si NCs. No vibration modes related to B−H bonds are found in
the FTIR spectrum, indicating that H prefers bonding with a Si
atom over a B atom at the NC surface. The existence of B at the
surface of heavily B-doped Si NCs is evaluated by using X-ray
photoelectron spectroscopy (XPS), as shown in Figure 2e. The
B 1s spectrum indicates that there are B atoms at the surface or
subsurface of Si NCs. In the B 1s spectrum, the peak at 188.3
eV is related to B atoms that are bonded with four Si atoms
(B(IV)−Si),42 while the peak at 184.8 eV means a B atom is
linked with three Si atoms (B(III)−Si).43 The small peaks at
191.2 and 193.0 eV are associated with oxidized B,43 indicating
very little O at the NC surface. Since H cannot give rise to
enough steric force to enable stable dispersion of Si NCs, B at
the surface or subsurface of Si NCs should be responsible for
the stable heavily B-doped Si NC colloids. It has been
previously shown that in B and phosphorus (P) co-doped Si
NCs a negative potential occurs at the NC surface because of
ionized B atoms at the surface side and ionized P atoms at the

Figure 3. (a) Per-NC absorption spectra of Cl-passivated Si NCs and heavily B-doped Si NCs in benzonitrile. The inset shows the band structure of
bulk Si in which the indirect phonon-assisted Γ−X transition (T0) and direct Γ−Γ transition (T1) are indicated. (b) Derivative absorption spectra of
Cl-passivated Si NCs and heavily B-doped Si NCs in benzonitrile. (c) Absorption data for Cl-passivated Si NCs and heavily B-doped Si NCs in
benzonitrile plotted as (σℏω)1/2. The concentrations of B are ∼7%, 13%, 18%, and 31%.
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core side.44 We believe that ionized B atoms at the surface/
subsurface of heavily B-doped Si NCs produce a negative
potential that is strong enough to effectively retard the
agglomeration of heavily B-doped Si NCs in the current
work. Indeed we have measured a zeta potential of −26 mV for
the heavily B-doped Si NCs in benzonitrile, approaching ±30
mV, which is usually considered to be sufficient for long-term
stability. It appears that a thin oxide layer at the surface of
heavily B-doped Si NCs cannot seriously screen the B-induced
negative potential at the NC surface. This explains the excellent
colloidal stability of heavily B-doped Si NCs during long-time
storage in air.
Direct and Indirect Electronic Transitions. The excellent

dispersion of heavily B-doped Si NCs in benzonitrile facilitates
the study on the electronic transitions of heavily B-doped Si
NCs by using optical absorption measurements. Figure 3a
shows the optical absorption spectra of heavily B-doped Si NCs
in benzonitrile. The optical absorption spectrum of Cl-
passivated Si NCs in benzonitrile is also included for
comparison. As an indirect band-gap semiconductor, bulk Si
is characteristic of an indirect Γ−X transition (T0) and a direct
Γ−Γ transition (T1) (inset of Figure 3a). As expected from the
Mie theory,45,46 a shoulder associated with the T1 transition can
be identified in each spectrum in Figure 3a. However, we do

not observe a clear sign for the T0 transition from the spectra,
largely due to the weak band-edge absorption of Si.47 The
energy of the T1 transition (E1) can be determined by
examining the derivation of an absorption spectrum, as
demonstrated in Figure 3b. Specifically, Cl-passivated Si NCs
show the T1 transition at 3.58 eV, similar to that obtained by
Gresback et al.45 As the B concentration increases from ∼7% to
31%, the T1 transition monotonically red-shifts from 3.55 eV to
3.06 eV.
To investigate whether heavy B doping also leads to the

change of the T0 transition, we employ the Tauc law to analyze
the optical absorption spectra.48 For an indirect semiconductor,
the relationship between absorption cross section (σ) and the
energy of the T0 transition (E0) is given by49

σ ω ω ωℏ ∝ ℏ −− E( )1
0

2
(1)

where ℏω is the photon energy. According to eq 1, each optical
absorption spectrum in Figure 3a is replotted, leading to the
results shown in Figure 3c. We see that there is a soft onset,
followed by an almost linear increase in each spectrum. E0 can
be extracted by fitting the linear increase of each curve in Figure
3c. For Cl-passivated Si NCs, we obtain that E0 is 1.5 eV,
consistent with the quantum confinement effect.50 After Si NCs
are heavily doped with B E0 red-shifts. When the concentration

Figure 4. (a) FTIR spectra of undoped and heavily B-doped Si NCs after HF vapor etching. The dash lines show the fitting of LSPR-induced
absorption for each heavily B-doped Si NCs by using the Drude model. The free carrier concentrations obtained from the fitting are also indicated in
parentheses. (b) Band-gap narrowing associated with the indirect transition (T0) and direct transition (T1) obtained in heavily B-doped Si NCs.
Graaff et al.’s results for band-gap narrowing in heavily B-doped bulk Si55 are shown for comparison. (c) UPS spectra of undoped and heavily B-
doped Si NCs. The inset shows the magnified spectra in the Si valence-band-edge region. (d) Valence-band edges of undoped and heavily B-doped
Si NCs taken as the center of the slope indicated by the verticle lines. (e) Comparison of the shift of valence-band edge (ΔEkin) and Ev−Ef calculated
from eq 3. (f) Evolution of the Si NC band structure with the increase of the doping level of B. The B concentration increases from left to right. ABS,
absorption onset; Ec, conduction-band edge; Ev, valence-band edge; Ef, Fermi energy level; Ea, impurity energy level.
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of B reaches ∼31%, E0 decreases to 0.9 eV. The apparent red-
shift of the absorption onset (i.e., T0) is actually consistent with
the change of Si NC color from dark yellow to black as the
doping level of B increases (Figure S4 in the Supporting
Information).
Band-Gap Narrowing. Figure 4a shows the FTIR spectra

of undoped and heavily B-doped Si NCs. Heavy B doping leads
to a broad absorption peak that blue-shifts from ∼1528 cm−1 to
3020 cm−1 with the increase of B doping level. This is
characteristic of the heavy-doping-induced LSPR of Si
NCs.8,9,11,29 After analyzing the LSPR-induced absorption
peak of heavily B-doped Si NCs by using the Mie absorption
theory with the Drude contribution,9 we obtain that free carrier
(hole) concentrations of Si NCs doped with ∼7%, 13%, 18%,
and 31% B are ∼1.4 × 1020, 2.0 × 1020, 4.1 × 1020, and 4.9 ×
1020 cm−3, respectively. Clearly, there is a great deal of un-
ionized B atoms in Si NCs despite the current rather high free
carrier concentrations. In the meantime, we should note that
the high free carrier concentrations in heavily B-doped Si NCs
are consistent with the aforementioned red-shifts of T0 and T1
(i.e., band-gap narrowing) if we assume the similarity of Si NCs
to bulk Si.51−53

Figure 4b shows the dependence of the band-gap narrowing
on the ionized impurity concentration. It is seen that the
narrowing of T1 is basically consistent with that of T0 as the
ionized impurity concentration varies. This may be because
heavy B doping introduces an impurity band close to the
valence band at the Γ point.53 In the meantime, the conduction
band at both the Γ and X points moves toward the band
gap.52,54 Therefore, the T0 and T1 transitions are nearly equally
affected. It is known that in bulk Si the band-gap narrowing
(ΔEg) is given as a function of the concentration (N) of the
ionized impurity:51

Δ = + +
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where N1 is a critical parameter, indicating the onset of the
band-gap narrowing, and C1 and C2 are constants. Figure 4b
shows the typical fit for the band-gap narrowing of heavily B-
doped Si NCs by use of eq 2. The value of N1 derived from the
fitting is 1.8 × 1020 cm−3. This means that the band gap of Si
NCs starts decreasing when the ionized B concentration is
larger than 1.8 × 1020 cm−3. Such a critical value is more than 3
orders of magnitude higher than that obtained for heavily B-
doped bulk Si (1.3 × 1017 cm−3).55 The quantum confinement
effect may cause the energy levels of B to be deeper in the band
gap for Si NCs than bulk Si.56,57 Therefore, a much larger B
concentration is needed to form an impurity band extending to
the valence band and narrow the bandgap in Si NCs than in
bulk Si. Moreover, C1 increases from 6.7 for B-doped bulk Si to
270 for heavily B-doped Si NCs, indicating that the band gap
shrinks more significantly in Si NCs than in bulk Si. This may
be due to the fact that a number of un-ionized B atoms give rise
to increased disorder in Si NCs, causing the dispersion of
impurity energy levels to increase.58,59 Therefore, the shrinking
of the band gap of Si NCs is enhanced.
After heavy B doping the Fermi level (Ef) should enter the

original valence band, leading to the degeneracy of the valence
band.60 The free carrier (hole) concentration (p) is related to
the energy difference between the Fermi level and original
valence-band edge (Ev − Ef) as

60

∫π
π
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where mh is the effective mass of a hole, T is temperature, h is
Planck constant, and k0 is Boltzmann constant. We work out
that Ev − Ef are ∼0.15, 0.19, 0.31, and 0.35 eV when Si NCs are
doped with ∼7%, 13%, 18%, and 31% B, respectively. To
examine the shift of the Fermi level into the valence band, we
have carried out ultraviolet photoelectron spectroscopy (UPS)
measurements for both undoped and heavily B-doped Si NCs.
The results are shown in Figure 4c. The UPS spectra are
obtained by using a 21.2 eV He-Ia source with an applied bias
voltage of −9.8 eV to separate the secondary electron edges
between a sample and the spectrometer. It is seen that the
secondary electron backgrounds of all Si NCs cut off at 13.6 eV,
as indicated by the dash line in Figure 4c. Therefore, we can
evaluate the position of the Fermi level from the change of the
valence-band edge.61 The inset of Figure 4c shows the
magnified spectra in the Si valence-band-edge region. Ideally,
the valence-band edges should be infinitely abrupt. However,
due to limited instrument resolution and thermal effect, they
are broadened. The actual positions of the edges can be
determined as the centers of the slope, as shown in Figure 4d.62

For undoped Si NCs we obtain that the valence-band edge cuts
off at 29.7 eV. The ionization energy of undoped Si NCs is thus
calculated to be 5.1 eV (Figure S5a in the Supporting
Information), which is 0.2 eV larger than that of bulk Si (4.9
eV).63 This is in good agreement with the valence-band shift
induced by the quantum confinement effect.64 With the B
doping level increases to 31%, the valence-band edge
monotonically shifts from 29.7 eV to 29.1 eV. The shift of
the valence-band edge (ΔEkin) and Ev − Ef obtained from eq 3
are compared in Figure 4e. It is found that ΔEkin agrees with Ev
− Ef when the ionized impurity concentration is <2 × 1020

cm−3. This suggests the red-shift of the valence-band edge is
basically due to the move of the Fermi level into the original
valence band (Figure S5b in the Supporting Information). As
the ionized impurity concentration increases to >2 × 1020 cm−3,
ΔEkin significantly exceeds Ev − Ef. For Si NCs doped with B at
the highest concentration of 31%, the obtained ΔEkin is 0.6 eV,
which is nearly 2 times larger than Ev − Ef. This indicates that
the original valence-band edge also moves downward in
addition to the Fermi level moving into the original valence
band (Figure S5c in the Supporting Information). The decrease
of the original valence-band edge is possibly due to the tensile
strain induced by heavy B doping.23,65,66

If the move of the conduction band toward the band gap was
less significant than that of the Fermi level into the original
valence band, the widening of the indirect/direct (optical) band
gap (the increase of E0/E1), i.e., the so-called Burstein−Moss
shift,67 would be observed. Since we actually observe the
decrease of both E0 and E1 after heavy B doping, the
conduction band ought to significantly move toward the band
gap as the Fermi level enters the original valence band, as
schematically shown in Figure 4d. With the increase of the B
concentration, the B-induced impurity band becomes more
extended to occupy a larger part of the original band gap. In the
meantime, the conduction band more significantly moves
toward the band gap, while the Fermi level basically remains
within the top region of the original valence band. This explains
the continuous red-shift of the optical absorption with the
increase of the B concentration. Because the B-induced
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impurity band is merged with the original valence band after
heavy B doping, free holes above the Fermi level are largely
from the B-induced impurity band. The collective oscillation of
these free holes should occur under external excitation, leading
to LSPR.29

■ CONCLUSION

In summary, tunable plasmonic properties and colloidal
stability without the use of ligands are demonstrated for
heavily B-doped Si NCs. Ionized B atoms induce a negative
potential at the NC surface, which is proposed to be
responsible for the colloidal stability of Si NCs in solvent.
Heavily B-doped Si NC colloids are found to be stable in air for
months, making them suitable for the device processing in
ambient atmosphere. The effect of heavy B doping on the band
structure of Si NCs has been explored by optical absorption. It
is found that heavy B doping significantly decreases the energies
of both the indirect and direct electronic transitions in Si NCs.
This decrease could be interpreted by the move of the
conduction band toward the band gap, which could be more
significant than that of the Fermi level into the valence band.
The plasmonic and subinterband absorption of Si NCs enabled
by heavy B doping is located in the infrared regime in the
current work, which should be helpful to the development of
novel Si-based optoelectronic structures and devices.68

■ METHODS

Si NC Synthesis. Undoped Si NCs were synthesized by
introducing SiH4 (10% in Ar) and Ar into a nonthermal plasma
chamber. The synthesis of B-doped Si NCs was realized by
including B2H6 (0.5% in Ar) into the SiH4/Ar nonthermal
plasma. The flow rate of B2H6 was changed from 0.88 standard
cubic centimeter per minute (sccm) to 15.2 sccm, while the
flow rate of SiH4 was kept at 31.5 sccm. The total gas flow rate
was fixed at 3820 sccm, and the pressure was maintained at 360
Pa. For synthesizing Cl-passivated Si NCs, SiCl4 was employed
as the silicon precursor. The flow rate of SiCl4, H2, and Ar
introduced into the plasma chamber was 7, 140, and 560 sccm,
respectively, leading to a pressure of 400 Pa. The power for
synthesizing all Si NCs was ∼200 W.
Preparation of Si NC Colloids. HF vapor etching of

oxidized Si NCs was performed in a Teflon container at room
temperature for 4 h. The etched NCs were placed in a vacuum
for 2 h to remove the excess HF for further analysis. Undoped
Si NC colloid was prepared by adding the etched undoped Si
NCs into benzonitrile followed by ultrasonication for 3 min
with a tip-ultrasonicator (Sonic & Materials, Inc., VCX130PB)
at ∼2 W. Heavily B-doped Si NC colloids were prepared by
adding the etched heavily B-doped Si NCs into benzonitrile
without ultrasonication.
Characterization of Si NCs and Si NC Films. The

concentrations of B for heavily doped Si NCs were determined
by standard chemical titration measurements. Heavily B-doped
Si NCs were reacted with solid KOH in a nickel crucible. The
product was then transferred to a plastic cup containing HNO3
to form silicic and boracic (phosphoric) acids. Excessive
potassium chloride and potassium fluoride were added to the
plastic cup to fully precipitate potassium fluorosilicate and
potassium fluoroborate (fluorophosphate). These precipitates
were then hydrolyzed in water, resulting in the formation of
HF. The resulting solution was finally treated by a standard
NaOH titration method, in which phenolphthalein was

employed as an indicator for the end of titration. For TEM
measurements, samples were prepared by drop-casting the Si
NC colloid onto a copper grid coated with carbon film. Each
sample was gently heated to evaporate solvent before being
inserted into the microscope. TEM measurements were
performed by FE-TEM 2010F with an acceleration voltage of
200 kV. Zeta potential measurements were carried out on the
NC colloids by using a Zetasizer Nano-ZS (Malvern Instru-
ment). Photoelectron spectroscopy measurements were
performed by using a Kratos AXIS Ultra DLD. XPS
measurements were carried out with a monochromatic Al Kα
X-ray source. Samples for XPS were prepared by placing HF-
etched Si NCs on carbon-tape-covered aluminum substrates.
UPS measurements were carried out with a 21.2 eV He-Ia
source and a −9.8 eV bias. Samples for UPS were prepared by
placing the HF-etched Si NCs on ITO-coated glass substrates.
Si NC films were fabricated in air by drop-casting the Si NC

colloids onto a Si substrate. A small funnel was placed over a
film to slow the evaporation. SEM images were obtained by
using a Hitachi S4000 field emission microscope at an
acceleration voltage of 25 kV. AFM images were obtained by
using a Shimadzu SPM-9600.

Optical Characterization. A UV−vis spectrometer (Shi-
madzu UV-2000) was used to measure the optical absorption of
Si NCs. Samples for UV−vis were diluted NC colloids
contained in quartz cuvettes with a path length of 10 mm.
All the measurements were carried out at a resolution of 4 nm.
Samples for FTIR measurements were prepared by drop-
casting Si NC colloids on a thallium bromoiodide (KRS-5)
substrate. Si NCs were self-assembled into films after solvent
evaporation. A FTIR spectrometer (JASCO FT/IR-6100)
operated in the transmission mode with a resolution of 4
cm−1 was used to measure all the samples.
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