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I
mpressive progress on the development
of localized surface plasmon resonance
(LSPR) has recently been made by using

semiconductor nanocrystals (NCs).1�7 In con-
trast to conventional noble metal NCs, semi-
conductorNCsgreatly facililate the integration
of plasmonics with electronics.8,9 Given the
dominant role of silicon (Si) in electronics,
the LSPR of Si NCs is highly desired for the
plasmonics-electronics integration.10,11 Rowe
et al.12 have recently demonstrated the LSPR
of phosphorus (P)-doped Si NCs, leading to an
intriguing question whether LSPR also occurs
to boron (B)-doped Si NCs. It is well-known
that B and P introduce free holes and elec-
trons in Si materials, respectively. Since holes
can behave differently from electrons, one
may expect differences in the LSPR between
B- and P-doped Si NCs if the LSPR of B-doped
Si NCs also indeed exist. In addition, it has

been shown that B prefers entering the core
of a Si NC, while P prefers residing at the
surface of a Si NC.13�17 This leads to an
important question whether the preferential
doping impacts the LSPR of doped Si NCs.
Therefore, a comparative study between
B- and P-doped Si NCs in the context of LSPR
is currently imperative.
In this work, we focus on Si NCs that are

doped with B and P at high concentrations.
LSPR in the energy regions of 0.26�0.40 eV
and 0.09�0.13 eV has been found in B- and
P-doped Si NCs, respectively. We clearly
show that the LSPR energy increases with
the increase of the dopant concentration,
highlighting the remarkable doping-en-
abled tunability of LSPR for semiconductor
NCs. The optical absorption of B- and
P-doped Si NCs can be well simulated by
using the Drude model.18 We find that the
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ABSTRACT Localized surface plasmon resonance (LSPR) of

doped Si nanocrystals (NCs) is critical to the development of Si-

based plasmonics. We now experimentally show that LSPR can be

obtained from both B- and P-doped Si NCs in the mid-infrared

region. Both experiments and calculations demonstrate that the

Drude model can be used to describe the LSPR of Si NCs if

the dielectric screening and carrier effective mass of Si NCs are

considered. When the doping levels of B and P are similar, the LSPR

energy of B-doped Si NCs is higher than that of P-doped Si NCs

because B is more efficiently activated to produce free carriers than P in Si NCs. We find that the plasmonic coupling between Si NCs is effectively blocked by

oxide at the NC surface. The LSPR quality factors of B- and P-doped Si NCs approach those of traditional noble metal NCs. We demonstrate that LSPR is an

effective means to gain physical insights on the electronic properties of doped Si NCs. The current work on the model semiconductor NCs, i.e., Si NCs has

important implication for the physical understanding and practical use of semiconductor NC plasmonics.
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plasmonic coupling between Si NCs is negligible be-
cause of oxide at the NC surface. We point out that the
differences in LSPR between B- and P-doped Si NCs are
basically related to the dopant distribution and free
carrier behavior.

RESULTS AND DISCUSSION

Both undoped and doped Si NCs are synthesized by
means of nonthermal plasma.19,20 A series of measure-
ments have been carried out to characterize all the
Si NCs. Briefly, the structural properties of all the Si NCs
are characterized by transmission electron microscopy
(TEM) and X-ray diffraction (XRD). The concentration
of B or P in an ensemble of Si NCs is obtained by using
chemical titration. X-ray photoelectron spectroscopy
(XPS) is employed to characterize the oxidation of
Si NCs in air. Fourier transform infrared (FTIR) spectros-
copy is used to study the absorption of all the Si NCs in
the infrared region.

Structure Characterization. Figure 1a�c shows the
TEM results for undoped Si NCs. Sphere-like undoped
Si NCs are clearly seen in the low-resolution TEM image

(Figure 1a). Selected-area electron diffraction (SAED)
demonstrates the excellent crystallinity of undoped
Si NCs (inset of Figure 1a). Figure 1b representatively
shows the lattice fringes of an undoped Si NC. It is
found that a log-normal curve may be used to fit
the size distribution of undoped Si NCs, the mean size
of which is ∼13 nm (Figure 1c). This mean NC size
is similar to that obtained by XRD analysis (Figure S1 in
the Supporting Information). We do not see significant
changes in the NC size when Si NCs are doped with B
and P (Figures S1 and S2 in the Supporting Information).
Doped Si NCs remain crystalline (Figures S1 and S2 in the
Supporting Information). Chemical titration measure-
ments show that in the current work Si NCs are doped
with B and P in the concentration ranges of 7%�31% and
4%�18%, respectively. Such high concentrations of B/P
may actually mean that Si�B/P alloys are produced.
However, we just stick to the traditional term of doping
for convenience. Figure 1d,e representatively shows the
high-angle annular dark field (HAADF) scanning TEM
images of Si NCs doped with B at the concentration of
31%and those dopedwith P at the concentration of 18%,

Figure 1. TEM images for undoped anddoped Si NCs. (a) Low-resolution TEM image for undoped Si NCs. Inset of (a) shows the
selected area electron diffraction (SAED) image. (b) Typical high-resolution TEM image for undoped Si NCs. (c) Size
distribution for undoped Si NCs with a log-normal fit. The mean size is ∼13 nm. (d) HAADF-STEM image and corresponding
Si and B mapping images for Si NCs doped with 31% B. (e) HAADF-STEM image and corresponding Si and P mapping images
for Si NCs doped with 18% P. Areas where Si NCs are located are approximately marked to guide the eye in (d) and (e).
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respectively. Both of them indicate that the elements of B
and P are associated with the element of Si. Si NCs are
indeed doped with B and P. The successful doping for Si
NCs has also been recently imaged by means of laser-
assisted atom probe tomography.21

Localized Surface Plasmon Resonance. For all the as-
synthesized Si NCs, we do not observe clear absorption
peaks related to LSPR. This may be due to the fact
that all the as-synthesized Si NCs are shortly exposed to
air when FTIR spectroscopy measurements are carried
out. The initial oxidation of Si NCs in air introduces
a high density defects such as dangling bonds at the
Si/oxide interface.22,23 These interface defectsmay trap
dopant-induced free carriers,16,24,25 and hence void the
LSPR. Figure 2 shows the ratio (R) of the number of Si
atoms in intermediate oxidation states to that of Si atoms
in the neutral state and all oxidation states. It is seen R

decreases with the increase of oxidation time in air. It is
known that a smaller value of Rmeans a less defective Si/
oxide interface.26 Therefore, we believe that the density
of defects at the Si/oxide interface is significantly reduced
after Si NCs are oxidized in air for a long time. We would
like to point out that the current improvement of the Si/
oxide interface by means of long-time oxidation in air
may be not efficient enough for practical use. More
efficient oxidation methods such as ozone-enabled che-
mical oxidation need to be investigated in the future.27

FTIR spectroscopy measurements are carried out
again for both undoped and doped Si NCs when they
are oxidized in air for a long time (∼330 days). Figure 3
shows the obtained FTIR spectra (assignments of the
vibration modes in FTIR spectroscopy are shown in
Table S1 in the Supporting Information). The oxidation
of all the Si NCs is evidenced by the absorption peaks at
∼1100 and 1200 cm�1, which are associated with the
vibration of Si�O�Si bonds.28 It is clear that a broad

absorption peak emerges as Si NCs are doped with B
(Figure 3a). The broad absorption peak moves from
∼2090 to 3244 cm�1 when the B concentration
increases from 7% to 31%. The dependence of the
absorption energy on the doping level of B and the
absence of the absorption for undoped Si NCs
strongly suggest that B-doping-induced free holes
lead to LSPR in Si NCs.

For P-doped Si NCs, the absorption related to
Si�O�Si bonds and Si�O�P bonds (these two types
of bonds are similar because of the similarity of P atoms
to Si atoms) dominates all the FTIR spectra. However,
we do observe a broad shoulder at the low-wavenum-
ber side of the Si�O�Si/Si�O�P related absorption
in the FTIR spectrum of each P-doped Si-NC sample.
It is found that the FTIR spectrum of undoped Si NCs
in the range below 1500 cm�1 can be fitted with
four peaks, which are located at ∼850, 880, 1100,
and 1200 cm�1. Among these four peaks, the peaks
at ∼850 and 880 cm�1 are associated with the

Figure 2. Ratio (R) of the number of Si atoms in interme-
diated oxidation states (Si1þ, Si2þ and Si3þ) to that of Si
atoms in the neutral state and all oxidation states (Si1þ, Si2þ,
Si3þ and Si4þ) obtained from XPS spectra of undoped and
doped Si NCs. All the Si NCs are first measured shortly after
exposure to air. They are then measured after ∼60 and
330 days storage in air. The concentrations of P are 6%,
10%, and 18%, while those of B are 13%, 18%, and 31%.
The dashed line is drawn to guide the eye.

Figure 3. (a) FTIR spectra for undoped and B-doped Si NCs.
(b) FTIR spectra for undoped and P-doped Si NCs. The FTIR
spectrum for undoped Si NCs is fitted by four peaks located
at∼850, 880, 1100, and 1200 cm�1, while the FTIR spectrum
of each P-doped Si-NC sample is fitted by three peaks at
∼880, 1100, and 1200 cm�1 together with a fourth peak
(green line). All the spectra are obtained after Si NCs are
stored in air for ∼330 days.
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vibration of H�Si�O2 and H�Si�O3 bonds,
29 respec-

tively. Since the oxidation of Si NCs is enhanced by P
doping,13,14 H�Si�O2 bonds hardly exist in oxidized
P-doped Si NCs. But H�Si�O3 bonds remain in oxi-
dized P-doped Si NCs. Therefore, three peaks located at
880, 1100, and 1200 cm�1 are employed to fit the FTIR
spectrum of each P-doped Si-NC sample in the range
below 1500 cm�1 together with a fourth peak, which
corresponds to the above-mentioned broad shoulder. It
is interesting that the position of the fourth peak (broad
shoulder) changes from ∼804 to 977 cm�1 as the con-
centration of P increases from 4% to 18%. This indicates
that P-doping-induced free electrons also give rise to
LSPR in SiNCs. Pleasenote thatwehavealsoobtained the
FTIR spectra of P-doped Si NCs in the atmosphere of
nitrogen after oxide at the NC surface is removed by HF
vapor etching. The LSPR absorption has been clearly
seen in these FTIR spectra without the interference of
absorption induced by the vibration of O-related bonds
(Figure S3 in the Supporting Information).

To further prove that LSPR occurs to both B- and
P-doped Si NCs, we have examined the dependence
of the LSPR energy on the surrounding medium.
Si NCs doped with B at the concentration of 31% and
those doped with P at the concentration of 18% are
initially dispersed in benzonitrile, 1,2 dichlorobenzen
and chlorobenzen with the same concentration. Each
of these dispersions is then drop-cast onto a thallium
bromoiodide (KRS-5) substrate for a FTIR measure-
ment, which is carried out immediately after the drop
casting. This means that the surrounding media of Si
NCs are the solvents during the FTIR measurements.
The dielectric constants of benzonitrile, 1,2 dichloro-
benzene and chlorobenzene are 25, 9.9 and 5.6, re-
spectively.30 When the solvents totally evaporate, the

surroundingmedia of Si NCs are changed to be nitrogen,
which has a dielectric constant of 1. Hence, we should
expect changes in LSPR energy according to the relation-
ship between the LSPR energy (pωsp) and dielectric
constant (εm) of the surrounding medium of Si NCs:31

pωsp � p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne2

ε0m�(ε¥ þ 2εm)

s
(1)

where n is the free carrier concentration, e is the
electronic charge, ε0 is the free space permittivity, m*
is the effective mass of a free carrier (0.3 m0 for an
electron and 0.4m0 for a hole), ε¥ is the high frequency
dielectric constant of a Si NC. Please note that the
carrier damping constant (Γ) is not incorporated in the
Drude theory based eq 1 because it is usually small
enough not to seriously affect ωsp. eq 1 was theoreti-
cally validated for P-doped Si NCs in our previous
work.31 In the current work we have further found that
eq 1 is also applicable to B-doped Si NCs by means
of tight-binding calculations (Figures S4 and S5 in the
Supporting Information).

Figure 4 shows the FTIR spectra for (a) B- and (b)
P-doped Si NCs with the varying surrounding medium.
The solvents around Si NCs are manifested by the
intense sharp absorption peaks in the FTIR spectra.
As the dielectric constant of the surrounding medium
decreases from 25 to 1, we see that the LSPR-induced
absorption of B- and P-doped Si NCs blueshifts from
∼2940 to 3145, 3200. and 3244 cm�1 and from∼830 to
910, 949, and 977 cm�1, respectively. These changes in
the LSPR energy are consistent with those predicted by
using eq 1, in which an effective dielectric constant
(εeff) is adopted to substitute ε¥ for the sake of taking
into account the screening effect of oxide at the NC

Figure 4. FTIR spectra for (a) B- and (b) P-doped Si NCs in different surrounding media, which are benzonitrile, 1,2
dichlorobenzene, chlorobenzene, and nitrogen with the dielectric constants of 25, 9.9, 5.6, and 1, respectively. The dopant
concentrations of B and P are 31% and 18%, respectively. Each spectrum for P-doped Si NCs is fitted by two peaks located
at ∼1100 and 1200 cm�1 together with a third peak (green line), which corresponds to the LSPR-induced absorption. The
dashed lines are used to facilitate the observation on the shifts of the LSPR-induced absorption.
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surface (Figure S7 in the Supporting Information).32 We
would like to point out that the ignorance of the oxide at
the NC surface causes the values of the LSPR energy
predictedbyeq1 tobe smaller than thosemeasured. This
indicates that the dielectric screening of the oxide at the
NC surface does exist. But it is clear that the oxide at the
NC surface does not render complete dielectric screen-
ing. The LSPR of our doped Si NCs with oxide at the NC
surface is reasonably sensitive to their environments.

Plasmonic Coupling. All the samples for FTIR measure-
ments are prepared by drop casting in the current
work. After solvent evaporation Si NCs aggregate.
According to previous work on noble metal NCs,5,33

we may expect that the aggregation of Si NCs likely
leads to plasmonic coupling between Si NCs. Figure 5
shows the FTIR spectra for Si NCs doped with 31% B
and 18% P collected during the course of the evapora-
tion of benzonitrile. When benzonitrile nearly completely
evaporates after 80 min, the LSPR-induced absorp-
tion blueshifts from∼2940 cm�1 to 3240 cm�1 and from
∼830 cm�1 to 940 cm�1 for B- and P-doped Si NCs, re-
spectively. This means that plasmonic coupling between
Si NCs is negligible despite the solvent-evaporation-
induced aggregation of Si NCs, since plasmonic coupling
usually gives rise to the redshift of LSPR-induced absorp-
tion.34�36 Clearly, the observed blueshift of the LSPR-
induced absorption is largely due to the change of the
surrounding medium from benzonitrile to nitrogen.

We have previously shown that after long-time
room-temperature oxidation the thicknesses of surface
oxide are∼1.4 and 2.7 nm for Si NCs dopedwith 31% B
and 18% P, respectively.14 Hence, we can work out that
the shortest distances between Si NCs are ∼2.8 and
5.4 nm for Si NCs doped with 31% B and 18% P,
respectively. These shortest NC�NC distances are larger

than 20% of the diameter of Si NCs (∼2.6 nm). Because
near-field plasmonic coupling significantly decays as the
NC�NC distance is larger than 20% of the NC size,34�36

we can readily understand the negligible plasmonic
coupling indicated by Figure 5. Wewould like tomention
that we have also collected FTIR spectra for HF-vapor-
etched Si NCs that are doped with 31% B and 18% P
during the course of the evaporation of benzonitrile
(Figure S6 in the Supporting Information). When benzo-
nitrile totally evaporates, the LSPR-induced absorption
does redshift for bothB- andP-dopedSiNCs. It is apparent
that the lack of oxide at the NC surface causes the
distances between Si NCs to be small enough to enable
strong plasmonic coupling when Si NCs aggregate.

Carrier Mobility. We find that all the LSPR-induced
absorption peaks can be well fitted by assuming
that the Mie absorption of Si NCs includes the Drude
contribution, which is expressed by

σAðωÞ ¼ 8π2 ffiffiffiffiffiffi
εm

p
r3ω

c
Im

εðωÞ � εm
εðωÞ þ 2εm

� �
(2)

where σA(ω) is the absorption cross section of a Si NC
at the frequency ofω, c is the speed of light, r is the NC
radius and ε(ω) is the frequency-dependent dielectric
constant of the NC. ε(ω) is given by the well-known
Drude equation:

ε(ω) ¼ ε¥ � ωp2

ω2 þ iωΓ
(3)

where ωp is the bulk plasma frequency. Please note
that the validity of eq 2 is justified by the surface-oxide-
induced negligible plasmonic coupling between Si
NCs. Figure 6a representatively shows the good fitting
for Si NCs doped with 31% B and 18% P. Please note
that Γ and ωp are readily obtained from the fitting

Figure 5. FTIR spectra for (a) B- and (b) P-doped Si NCs exhibiting shifts upon the solvent (benzonitrile) evaporation with
different time. The dopant concentration is 31% for B and 18% for P. The absorption arising fromP-doped Si NCs in (b) is fitted
by two peaks located at ∼1100 and 1200 cm�1 together with a third peak (green line) corresponding to the LSPR-induced
absorption. The dashed lines are used to facilitate the observation on the shifts of the LSPR-induced absorption.
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(Table S2 in the Supporting Information). We find that
Γ increases from∼1000 to 3000 cm�1 as the concentra-
tion of B increases from 7% to 31%. But Γ slightly dec-
reases from ∼540 to 460 cm�1 when the concentration
of P increases from 4% to 18%. It is known that μ =
he/(m*Γ), where μ and h are the carrier mobility and
Planck constant (Γ is deemed as energy), respectively.37

Therefore, we can then work out the carrier mobility of
each doped Si-NC sample. Figure 6b shows the carrier
mobility of each doped Si-NC sample obtained by fitting

the LSPR-induced absorption peak. We see that the hole
mobility decreases from ∼150 to 50 cm2V�1s�1 as the
concentration of B increases from 7% to 31%. Such an
inversely proportional dependence of the hole mobility
on the concentration of B indicates that holes are pre-
dominantly scatteredby ionizedBatoms in SiNCs, similar
to what occurs in bulk Si.38 In contrast, the electron
mobility for P-doped Si NCs increases from ∼360 to
425 cm2 V�1 s�1 with the increase of the concentration
of P from 4% to 18%. By using

L ¼ h
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3KT=m�p

=Γ (4)

where L, K and T are the mean free path of carriers,
Boltzmann constant and temperature (300 K), respec-
tively, we estimate that the mean free paths of holes in
B-doped Si NCs and electrons in P-doped Si NCs are 2�7
and 12�15 nm, respectively. Since the mean free paths
of electrons basically approximate to the NC size, the
surface scattering of electrons in P-doped Si NCs should
be more significant than that of holes in B-doped Si NCs.
When P atoms are at the NC surface, they may be not
ionized. In addition, P atoms are more electronegative
than Si atoms. Hence, un-ionized P atoms at the NC
surface can retard themovement of electrons toward the
NC surface, reducing the surface scattering of electrons.
The increase of the concentration of P may mainly lead
to more P atoms at the NC surface, making the surface
scattering of electrons less effective. Therefore, it turns
out that the mobility of electrons in P-doped Si NCs can
increase when the concentration of P increases.

We would like to point out that the values of the
carrier mobility derived from the current optical mea-
surements are comparable with those of doped bulk Si
obtained byHallmeasurements,39 but several orders of
magnitude higher than those of B- and P-doped
Si-NC films in field-effect transistors.40 This implies that
carrier transport in a Si-NC film is mainly limited by the
tunneling between neighboring Si NCs.

Dopant Activation Efficiency. The bulk plasma frequency
(ωp) derived fromthe fittingof LSPR-induced absorption
is related to the free carrier concentration (n) via ωp

2 =
ne2/(m*ε0). The free carrier concentration obtained
with this expression is quite comparable with that
obtained by using eq 1 (Table S3 in the Supporting
Information). This further experimentally validates eq 1
for Si NCs. Since n depends on the activation efficiency
(η) of B or P in Si NCs with a concentration of Nd (n =
Ndη), we can obtain the value of η by fitting the ωp�Nd

data according to

ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Ndηe2

m�ε0

s
(5)

The results are shown in Figure 6c. It is seen that the
values of the activation efficiency of B and P are 2.8%
�5.2% and 0.3%�0.9%, respectively. Clearly, B much

Figure 6. (a) Fitting of the LSPR-induced absorption for Si
NCs dopedwith 31%B and that for Si NCs dopedwith 18%P
by using the Drude model. (b) Carrier mobility (μ) of each
doped Si-NC sample obtained by fitting the LSPR-induced
absorption peak. The black line gives μ� Nd

�1, while the red
line gives μ � Nd

0.1, where Nd is the dopant concentration.
(c) Bulk plasma frequency (ωp) versus dopant concentration
(Nd). The solid lines represent the fitting by using ωp =
[Ndηe

2/(m*ε0)]
1/2. The values of dopant activation efficiency

(η) obtained from the fitting are indicated.
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more efficiently produces free carriers than P in Si NCs.We
should mention that in the current study Si NCs
are heavily doped in terms of free carrier concentra-
tions (up to 4 � 1020 cm�3 and 3 � 1019 cm�3 for
B- and P-doped Si NCs, respectively), although B and P
have been hyperdoped to concentrations exceeding their
solubility in Si.41 It looks that the distribution of dopants in
Si NCs is not the only factor that determines the activation
of dopants. Although B prefers residing in the NC core,
significant portion of B atoms remain electrically inactive.
The trend of the decrease of the activation efficiency with
the increase of the dopant concentration for both B and P
indicates that the clustering of B and P may become
serious as their concentrations increase.42�44 Future work
isneeded tominimize thedeactivationofBandP inSiNCs,
moving the LSPR of Si NCs toward the visible region.

Quality Factor of LSPR. Finally, we calculate the quality
factor (Q) of the LSPR of doped Si NCs by using

Q ¼ ωsp=γ (6)

where γ is the line width (half width at the half-
maximum) of a LSPR-induced absorption peak. We
notice that the values of γ for B-doped Si NCs are
larger than those for P-doped Si NCs in the current
work. The value of γ usually increases with the increase
of the scattering of carriers.2,45 As mentioned before,
B atoms are more efficiently activated (ionized) to pro-
duce free carriers than P atoms. This means that the
scattering of carriers by ionized impurities may
be more significant in B-doped Si NCs than that in
P-doped Si NCs. Therefore, it is reasonable that the values
of γ for B-doped Si NCs are larger than those for P-doped
SiNCs.Moreover, it is known that the scatteringof carriers
by twin boundaries may also contribute to the broad-
ening of a LSPR-induced absorption peak.12 We have
previously demonstrated that twin defects may occur to
both B- and P-doped Si NCs with high doping levels.14

The number of twin boundaries in a B-doped Si NC is
often larger than that in a P-doped Si NC, probably due to
the larger difference in the atom size between a B atom
and a Si atom. The larger numbers of twin boundaries
should also contribute to the broader LSPR-induced
absorption peaks for B-doped Si NCs.

Despite the larger values of γ for B-doped Si NCs the
values of Q for B-doped Si NCs is actually not signifi-
cantly smaller than those for P-doped Si NCs because
the values of ωsp for B-doped Si NCs are also larger.
The values of Q for B-doped Si NCs are about 3�4,
while those for P-doped Si NCs are about 4�5. There-
fore, wemay state that the values ofQ for our doped Si

NCsmay be higher than those for other semiconductor
NCs such as copper chalcogenide NCs,46 tungsten
oxide NCs6 and indium tin oxide NCs,47 approaching
those for traditional noble metal NCs.48 This brings
great promise for the use of doped Si NCs in a variety of
demanding plasmonic applications such as highly sen-
sitive chemical sensing.49 We have complied the values
of γ for current B- and P-doped Si NCs and those
reported by Rowe et al. for P-doped Si NCs (Figure S8
in the Supporting Information). It is found that the value
of γ for B-doped Si NCs is smaller than that for P-doped
Si NCs when their LSPR energies are similar. This implies
that the value of Q for B-doped Si may be larger than
that for P-doped Si NCs in the same LSPR energy region.

CONCLUSIONS

In summary, we have demonstrated the LSPR of
B-doped Si NCs for the first time. The LSPR of B-doped
Si NCs has been systematically compared with that
of P-doped Si NCs. It is found that the LSPR energies for
B- and P-doped Si NCs are now all located at mid-
infrared region. But the LSPR energy of B-doped Si NCs
is larger than that of P doped Si NCs when the doping
levels of B and P are similar. This is because B is much
more efficiently activated than P in Si NCs. By fitting
the LSPR-induced absorption of both B- and P-doped
Si NCs with the Drude model, the values of the hole/
electron mobility for Si NCs have been obtained. It is
seen that the holemobility decreases with the increase
of the B concentration of Si NCs. However, the electron
mobility slightly increases with the increase of the
P concentration of Si NCs. All the differences between
B- and P-doped Si NCs may be related to dopant
distribution, which impacts the dopant activation and
carrier scattering. The LSPR quality factors of B and
P doped Si NCs are approaching those of traditional
noble metal NCs, signifying the great potential of
doped Si NCs in plasmonic applications. Oxide at the
NC surface is found to effectively block the plasmonic
coupling between Si NCs. It looks that B-doped Si NCs
are better positioned for practical use than P-doped Si
NCs. On one hand, B atoms can be more efficiently
activated than P atoms, enabling greater tunability
of LSPR for B-doped Si NCs than P-doped Si NCs.
On the other hand, the LSPR of B-doped Si NCs may
be not as seriously screened by the vibration of
O-related bonds as that of P-doped Si NCs. We hope
that the current experimental progress on the LSPR of
doped Si NCs should encourage the development of
novel Si-based plasmonic devices.11,49

METHODS
B and P-doped Si NCs were synthesized by introducing B2H6

(0.5% in Ar) and PH3 (0.5% in Ar) into a SiH4/Ar nonthermal
plasma chamber, respectively. The flow rate of B2H6 (PH3)

was changed from 0.88 (1.77) standard cubic centimeters
per minute (sccm) to 15.2 (30.3) 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
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for synthesizing all the Si NCs. A 13.56 MHz power source
and a matching network were used to generate the plasma.
The power for synthesizing all the Si NCs was ∼200 W.
For measuring the B (P) concentration of Si NCs, Si NCs doped

with B (P) were initially reactedwith KOH in a nickel crucible. The
product was then transferred to a plastic cup. HNO3 was added
into the plastic cup to form silicic and boracic (phosphoric) acids.
Excessivepotassiumchloride andpotassiumfluoridewere added
to precipitate potassium fluorosilicate and potassium fluorobo-
rate (fluorophosphate). These precipitates were then hydrolyzed
in water, leading to the formation of HF. The resulting solution
was treated by a standard NaOH titration method. Phenolphtha-
lein was used to indicate the end of titration.
TEM measurements were performed by FEI Tecnai G2 F20

S-TWIN with an acceleration voltage of 200 kV. HAADF-STEM and
element mappingmeasurements were performed by FEI Titan G2
80�200 w/Chemi STEM with an acceleration voltage of 200 kV. Si
NCs were dispersed in ethanol by ultrasonication after they were
synthesized. Samples for both TEM and HAADF-STEM measure-
ments were prepared by drop-casting the Si-NC-containing dis-
persion onto a carbon-coated copper grid. The copper grids were
inserted to the microscope after ethanol totally evaporated.
XRD measurements were performed by X'Pert PRO. Si-NC

powders were collected on a glass substrate inside the plasma
synthesis system. X-rays generated by a Cu KR source at the
voltage of 40 V were employed. A scanning step of 0.016� was
used for measuring all the Si-NC powder samples.
XPSmeasurementswere performed by Kratos AXIS Ultra DLD.

The samples for XPS were prepared by placing as-synthesized
Si NCs on a 5 mm � 5 mm carbon-tape-covered aluminum
substrate. They were measured within ∼1 h exposure to air.
The measurements were carried out again after Si NCs were
exposed to air at room temperature for 2 and 11 months.
For a FTIR measurement, a Si-NC dispersion was prepared by

the additionof∼10mgof SiNCs into a 2mL solvent (benzonitrile,
1,2 dichlorobenzene or chlorobenzene) and subsequent ultra-
sonication for 3 min with a tip-ultrasonicator (Sonic & Materials,
Inc.-VCX130PB) at ∼2 W. The Si-NC dispersion was then drop-
casted onto a thallium bromoiodide substrate for the FTIR
measurement in the transmission mode. A FTIR spectrum was
collected either after the solvent totally evaporated or during the
course of the evaporation of the solvent. Nitrogenmight be used
to enable an inert atmosphere for a sample during the FTIR
measurement. All the FTIR measurements were performed by
using JASCO FT/IR-6100 with a resolution of 4 cm�1.
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