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The strongly localized electric field achieved at the Mie resonances of a silicon nanoparticle enables
the generation of a large carrier density, which offers us the opportunity to manipulate the linear and
nonlinear optical properties of silicon nanoparticles by optically injecting a dense electron-hole plasma.
Here, we show that the dense electron-hole plasma created in a silicon nanoparticle significantly modifies
the complex dielectric constant of silicon, which in turn leads to wavelength shift and amplitude change in
the magnetic dipole resonance. We demonstrate that the maximum wavelength shift of the magnetic dipole
resonance can be revealed by exploiting the hot-electron luminescence emitted by the silicon nanoparticle,
which acts as a built-in light source with a broad bandwidth and a short lifetime. We demonstrate that the
quantum efficiency of the hot-electron luminescence of silicon nanoparticles can be enhanced a factor of
more than 5 through the injection of a dense electron-hole plasma. More interestingly, an acceleration
of the radiative recombination process is found at high carrier densities. Our findings are helpful for
understanding the modification of Mie resonances in silicon nanoparticles induced by the dense electron-
hole plasmas and useful for designing silicon-based photonic devices.
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I. INTRODUCTION

As one of the most important semiconductors, Si has
been used to fabricate electronic devices, waveguides,
detectors, solar cells, etc. [1] Owing to its indirect band
gap, however, the achievement of efficient Si-based emit-
ters remains a big challenge. Although quantum dots from
Si that are smaller than 10 nm have been demonstrated
[2], they are difficult to integrate into Si-based waveg-
uides. Therefore, efficient Si-based photon emitters with
a feature size of approximately 200 nm, which can be fab-
ricated using the current fabrication technology of Si chips
and integrated with other devices into photonic circuits, are
highly desirable.

Metamaterials and metasurfaces capable of realizing
various functions have been actively studied in the past
two decades [3–5]. In the microwave and terahertz spec-
tral ranges, metal wires and split-ring resonators function
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as artificial electric and magnetic meta-atoms support-
ing electric dipoles (EDs) and magnetic dipoles (MDs),
respectively [6,7]. Unfortunately, metamaterials or meta-
surfaces composed of such meta-atoms fail to work at
optical frequencies owing to the large ohmic loss of metals.

As an alternative to the building blocks for metama-
terials or metasurfaces operating at optical frequencies,
dielectric nanoparticles with large refractive indices have
attracted a great deal of interest, because they support both
the ED and MD resonances and act simultaneously as
artificial electric and magnetic meta-atoms [8–12]. Typi-
cal examples include silicon (Si), germanium, and gallium
arsenide nanoparticles, which exhibit distinct MD and/or
ED and even magnetic quadrupole (MQ) and electric
quadrupole (EQ) resonances in their scattering spectra.
These Mie resonances can be employed to enhance the
nonlinear optical responses of nanoparticles [13,14] and
to manipulate light scattering from nanoantennas and light
emission from nanomaterials [15,16].

Since the ED and MD resonances of a nanoparticle
depend strongly on the complex refractive index of the
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material, static and dynamical modulation in the opti-
cal properties of single nanoparticles or metadevices can
be realized by injecting electron-hole plasmas into the
nanoparticles [17–21]. Very recently, it has been demon-
strated that the ED and MD resonances of Si nanoparti-
cles can be employed to significantly enhance two- and
three-photon-induced absorption (2PA and 3PA, respec-
tively), while the EQ and MQ resonances can be utilized
to enhance the emission of hot-electron luminescence
[14]. Since the 2PA and 3PA of a Si nanoparticle can
be enhanced by factors of approximately 55 and approx-
imately 500, carrier densities larger than 1020 cm−3 can
be readily generated in the Si nanoparticle, leading to the
emission of broadband hot-electron luminescence [14].

In principle, it is anticipated that the strongest lumi-
nescence can be achieved by resonantly exciting the MD
resonance. However, a blue shift of the MD resonance is
expected if the refractive-index change of Si induced by
the injected plasma is taken into account [19,21]. Apart
from injected carriers, the complex refractive index of Si
is also affected by the temperature rise in Si nanoparti-
cles, which introduces a red shift of the MD resonance
[22]. An understanding of the optical response and car-
rier dynamics of a single Si nanoparticle in the presence
of dense electron-hole plasmas is quite important for prac-
tical applications of Si nanoparticles in active photonic
devices, such as optical switches, broadband light sources,
and even nanolasers. On the other hand, the blue shift of
the MD resonance provides a simple and effective way
of characterizing the carrier density generated in the Si

nanoparticle, from which the quantum efficiency can easily
be deduced.

Basically, the blue shift of the MD resonance of a
Si nanoparticle excited by femtosecond laser pulses is
dynamical and it follows the generation and decay of the
electron-hole plasma. A pump-probe experiment, in which
the probe pulse is a supercontinuum with an appropriate
delay with respect to the pump pulse, is necessary to record
the evolution of the scattering spectrum, as schematically
illustrated in Fig. 1. Although such a technique has been
successfully employed to characterize the carrier dynamics
in bulk materials and metasurfaces [18,23], its applica-
tion in measuring the transient scattering spectra of a
single nanoparticle remains a big challenge for two rea-
sons. First, the extremely small scattering cross section
(approximately 1014 m−2) of the nanoparticle requires a
white light source with a large power (e.g., a 150-W lamp)
in order to achieve a detectable scattering intensity with
reasonable signal-to-noise ratio. Unfortunately, the aver-
age power of the supercontinuum generated by pumping a
nonlinear photonic fiber does not satisfy this requirement.
Second, the measurement system must be stable enough to
avoid any shift of the laser focus point from the nanoparti-
cle during the measurement, because the nonlinear optical
processes involved are extremely sensitive to the slight
change of the excitation intensity.

In this paper, we realize modification of the Mie res-
onances and carrier dynamics of silicon nanoparticles by
injecting dense electron-hole plasmas. It can be charac-
terized by measuring either the excitation spectrum of the
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FIG. 1. Virtualizing MD reso-
nance shift by using hot-electron
luminescence. (a) A schematic
showing the principle of using the
broadband hot-electron lumines-
cence emitted by a Si nanoparticle
to virtualize the MD-resonance
shift of the Si nanoparticle
induced by dense electron-hole
plasmas. (b) The evolution of
the scattering spectrum of a Si
nanosphere with d ∼ 200 nm
with increasing density of the
electron-hole plasma. (c) The
evolution of the electrical energy[∫ |E(λ)|2dV

]
/V spectrum cal-

culated for the Si nanosphere
with increasing density of the
electron-hole plasma. The electric
field distributions calculated
at the MD, ED, MQ, and ED
resonances are shown as insets.
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luminescence or the MD-enhanced luminescence. The car-
rier density generated in the Si nanoparticle and thus the
quantum efficiency of the luminescence can be extracted
from the blue shift of the MD resonance. A signifi-
cant enhancement in the radiative recombination rate is
observed at high densities of electron-hole plasmas.

II. METHODS

A. Sample preparation

Si nanoparticles with diameters ranging from 50 to
300 nm are fabricated using femtosecond laser ablation of
a Si wafer immersed in water. A femtosecond laser ampli-
fier (Legend, Coherent) with a pulse duration of 100 fs
and a repetition rate of 1 kHz is employed in the abla-
tion process. An objective with a focal length of 25 cm
is used to focus the femtosecond laser beam on the Si
wafer with a spot diameter of approximately 40 μm. Si
nanoparticles ejected from the Si wafer after the irradia-
tion of femtosecond laser light are uniformly dispersed in
water. Once the ablation is completed, the aqueous solu-
tion containing Si nanoparticles is centrifuged at 5000 rpm
to separate Si nanoparticles with diameters of 50–300 nm
from other particles. The Si nanoparticles are dispersed
on an ITO substrate for morphology characterization and
on a glass slide for optical characterization. The compo-
sition and crystalline phase of the fabricated Si nanoparti-
cles are examined using high-resolution scanning electron
microscopy and transmission-electron microscopy. Each
Si nanoparticle is composed of a single crystalline core
and a very thin amorphous shell on the surface (see the
Supplemental Material, S1 [24]).

B. Experimental setup

The scattering spectra of the Si nanoparticles are mea-
sured using a dark-field microscope (Observer A1, Zeiss).
The characterization of the nonlinear optical properties
of the Si nanoparticles is carried out using a femtosec-
ond laser oscillator (Mira-HP, Coherent) and an opti-
cal parametric oscillator (Mira OPO-X, Coherent) with
a pulse duration of 130 fs and a repetition rate of
76 MHz. The femtosecond laser light is introduced into an
inverted microscope and focused on Si nanoparticles using
a 100× objective. The nonlinear optical signals from the
Si nanoparticles are collected by the same objective and
directed to a spectrometer (SR500, Andor) for analysis.

C. Numerical modeling

The scattering spectra of the Si nanoparticles placed on
a glass slide is calculated using Mie theory or simulated
using the finite-difference time-domain (FDTD) technique,
using LUMERICAL [25]. In the FDTD simulation, a nonuni-
form mesh size with the smallest mesh size of 1 nm as well
as a perfectly matched boundary condition is employed.

III. RESULTS AND DISCUSSION

The Si nanoparticles used in this work are fabricated
using femtosecond laser ablation [14,26]. The linear and
nonlinear optical properties of the Si nanoparticles are
characterized using dark-field microscopy and a micropho-
toluminescence measurement system composed of a fem-
tosecond laser, an inverted microscope, a spectrometer, and
a charge-coupled device (for details, see Sec. II).

The principle of using the hot-electron luminescence
emitted by a Si nanoparticle to characterize the MD res-
onance shift is depicted in Fig. 1(a). Basically, the MD
resonance is determined mainly by the real part of the com-
plex refractive index because the change in the imaginary
part is almost negligible (see the Supplemental Material,
S2 [24]). It should be emphasized that the hot-electron
luminescence emitted by the Si nanoparticles satisfies the
three conditions necessary for virtualizing the MD reso-
nance shift [14]. First, it acts as a broadband white-light
source. Second, its decay follows exactly the decay of
the carrier density with a short lifetime (approximately
50 ps). Finally, its intensity is enhanced at the MD reso-
nance. Previously, enhanced photoluminescence (PL) has
generally been observed at the surface-plasmon resonances
of plasmonic nanoparticles or nanostructures with negligi-
ble shift [27–29], because the carrier density in metallic
nanoparticles and nanostructures is quite large (approxi-
mately 1023 cm−3) as compared with the injected carrier
density (approximately 1020–1021 cm−3). However, the
situation is completely different for semiconductors the
complex refractive indices of which can be dramatically
modified by dense electron-hole plasmas.

Basically, the dielectric constant of Si (ε), which
exhibits a strong dependence on the density of the electron-
hole plasma (ρeh), can be described as follows [21,23]:

ε(ω) = εib(ω
∗)

(
1 − ρeh

ρbf

)
− ω2

pl(ρeh)

ω2 + 1/τ 2
e
)(1 − i/ωτe).

(1)

Here, ω∗ = ω + ζρeh/ρbgr is an effective photon frequency
that accounts for the ρeh-dependent band-gap shrink-
age effect on interband transitions εib(ω

∗), ρbgr ≈ 1 ×
1022 cm−3 is the characteristic renormalization electron-
hole plasma density, �ζ ∼ 1.7 eV, and ρbf is the character-
istic band capacity of the specific photoexcited regions of
the first Brillouin zone (approximately 4 × 1021 cm−3 and
approximately 4.5 × 1022 cm−3 for L and X valleys in Si).
The bulk electron-hole plasma frequency is defined as

ω2
pl(ρeh) = 4π

ρehe2

εhf(ρeh)m∗
opt(ρeh)

, (2)

where m∗
opt = 0.18me is the effective optical mass of

the electron-hole pair and εhf(ρeh) = 1 + εhf(0)e−ρeh/ρscr

014003-3



JIN XIANG et al. PHYS. REV. APPLIED 13, 014003 (2020)

is the high-frequency dielectric constant with ρscr ≈ 1 ×
1021 cm−3.

In Eq. (1), we consider the effects of band filling, band-
gap renormalization, and free carriers on the complex
dielectric constant of Si. At high plasma densities, the
effect of free carriers, which can be described by the Drude
model, plays a dominant role.

Based on the complex dielectric constant described by
Eq. (1), we can calculate the scattering spectra of a Si
nanoparticle (e.g., a Si nanosphere with d = 200 nm) mod-
ified by electron-hole plasma of different densities, as
shown in Fig. 1(b). It is noted that the MD resonance of
the Si nanosphere is blue shifted, broadened, and attenu-
ated with increasing carrier density, implying the gradual
phase transition from semiconductor to metal induced by
the dense electron-hole plasma.

Physically, the 2PA and 3PA of a Si nanoparticle can
be described by

∫ |E(λ)|4dV/V and
∫ |E(λ)|6dV/V [14].

Apart from the enhancement in 2PA and 3PA, the MD
resonance of the Si nanoparticle can also be utilized to
enhance the hot-electron luminescence, with the enhance-
ment factor described by

∫ |E(λ)|2dV/V. In this case, a
large blue shift is expected because of its large internal
mode volume, which characterizes the sensitivities of the
Mie resonances to the change of the dielectric constant
[30] (see the Supplemental Material, S3 [24]). In Fig. 1(c),
we present the evolution of the enhancement-factor spec-
trum with increasing carrier density, which appears to be
quite similar to that of the scattering spectrum [see Fig.
1(b)]. Specifically, the spectral shifts are almost the same
in the two cases, thus enabling us to characterize the blue
shift of the MD resonance by exploiting the MD-enhanced
luminescence.

Actually, the scattering cross section of the MD can be
expressed as [31]

σMD = k4
0εdμ0

6πε0|Einc|2
|m|2, (3)

where m = −(iω/2)
∫ [

r′ × P(r′)
]
dr is the magnetic

dipole moment and P(r) = ε0(εp − εd)E(r) is the polar-
ization. Therefore, one can easily obtain

σMD ∝
∫

|E/E0|2dV. (4)

This confirms that the scattering cross section of the MD is
also governed by

∫ |E(λ)|2dV/V.
In Fig. 1(c), we show the evolution of the spectrum of∫ |E(λ)|2dV/V with increasing carrier density. A similar

blue shift is also observed in the spectra of
∫ |E(λ)|4dV/V

and
∫ |E(λ)|6dV/V, which characterize the 2PA and 3PA

of the Si nanoparticle (see the Supplemental Material,
S4 [24]). Therefore, the spectra of 2PA and 3PA can be
employed to examine the blue shift of the MD resonance.

Physically, the spectra of 2PA and 3PA can be obtained by
measuring the excitation spectra of the hot-electron lumi-
nescence, as shown in Fig. 2. At a low excitation intensity
of 0.65 mJ/cm2, the absorption peak coincides with the
MD resonance in the scattering spectrum. When the exci-
tation intensity is increased to 1.05 mJ/cm2, however, the
absorption peak is blue shifted by approximately 30 nm.
This indicates that the maximum blue shift of the MD reso-
nance can be observed in the steady characterization of the
multiphoton-induced absorption, although it is a dynami-
cal process. We also measure the luminescence decay of
the Si nanosphere. A lifetime of approximately 30 ps is
derived (see the Supplemental Material, S4), which is short
enough for virtualization of the dynamical shift of the MD
resonance.

From the decomposed scattering spectra of a Si nanopar-
ticle, it is found that the MQ resonance possesses the
largest quality factor, implying the largest enhancement in
both the absorption and the emission (see the Supplemen-
tal Material, S5 [24]). Therefore, it can be utilized to create
dense electron-hole plasmas. In the experiments, we vary
the excitation wavelength around the MQ resonance and
record the luminescence spectra around the MD resonance,
as shown in Fig. 3. A blue shift of the luminescence peak
as large as approximately 35 nm is observed when the MQ
resonance is resonantly excited. In Fig. 3(b), we present
the dependencies of the luminescence peak and intensity
on the excitation wavelength. As expected, the strongest
luminescence intensity and largest blue shift are obtained
at the MQ resonance.

Similar to the MQ resonance, the resonant excitation of
the EQ resonance, where the absorption of Si is larger, can
also be exploited to generate a large carrier density. For
another Si nanosphere, we first fix the excitation wave-
length at the EQ resonance (approximately 532 nm) and
raise the excitation intensity. A blue shift of the lumines-
cence peak up to approximately 50 nm is observed, as
shown in Fig. 4(a). In the inset, we present the simulated
evolution of the luminescence spectrum with increasing
carrier density, assuming that the radiative recombina-
tion rate is a constant and the luminescence intensity is
proportional to the carrier density. A reduction in the lumi-
nescence intensity is expected when the carrier density
exceeds a critical value. The physical origin is the rapid
decrease of the enhancement factor with increasing carrier
density [see Fig. 1(c)]. Surprisingly, such a reduction is not
observed, as shown in Fig. 4(a). Instead, it is interesting to
note that the luminescence intensity increases rapidly at
high carrier densities.

Physically, the carrier density generated in a Si nanopar-
ticle can be extracted from the blue shift of the lumines-
cence peak. However, the red shift of the MD resonance
induced by the temperature rise, which counteracts the blue
shift described above, needs to be taken into account. Basi-
cally, an increase in the temperature leads to a reduction in

014003-4



MODIFYING MIE RESONANCES AND CARRIER DYNAMICS... PHYS. REV. APPLIED 13, 014003 (2020)

(a) (b)

FIG. 2. The MD resonance shift revealed in the excitation spectrum of hot-electron luminescence. (a) Luminescence spectra mea-
sured for a Si nanosphere with d ∼ 200 nm at different excitation wavelengths with two excitation intensities of 0.65 and 1.05 mJ/cm2.
(b) Excitation spectra measured at two excitation intensities of 0.65 and 1.05 mJ/cm2. The scattering and hot-electron luminescence
spectra for the Si nanosphere are also provided for reference. The scanning-electron-microscope image of the Si nanosphere and the
image of the hot-electron luminescence recorded using a charge-coupled device are shown in the insets.

the band-gap energy, which in turn results in an increase
in the refractive index [22], as shown in Fig. 4(b). There-
fore, the carrier density resulting from the blue shift of
the luminescence peak is underestimated. Theoretically,
we can calculate the dependence of the temperature of a
Si nanoparticle on the number of irradiated femtosecond
laser pulses [32–34], as shown in the inset (see the Sup-
plemental Material, S6 [24]). It can be seen that the steady
temperature in the Si nanoparticle exhibits a dependence
on the excitation intensity. Based on this relationship, one
can more accurately derive the carrier density generated in
the Si nanoparticle.

As mentioned above, an intriguing phenomenon
observed in the experiments is the rapid increase of the
luminescence intensity at high carrier densities, as shown
in Fig. 4(a). In order to gain a deep insight into this
behavior, we examine the enhancement factor spectra for
different excitation intensities by using the luminescence
spectrum obtained at a low excitation intensity of
0.85 mJ/cm2 as a reference, as shown in Fig. 4(c). At
low excitation intensities, the enhancement factor is almost

independent of the emission wavelength. At a high exci-
tation intensity of 2.89 mJ/cm2, larger enhancement fac-
tors are observed at approximately 850 nm and approx-
imately 650 nm, where the MD and ED resonances are
located, implying a more rapid increase in the lumines-
cence intensity. It is also remarkable that the enhance-
ment factor increases rapidly, from approximately 10 to
approximately 26, at the MD and ED resonances when
the excitation intensity is raised slightly from 2.38 to
2.89 mJ/cm2, implying a rapid increase in the radia-
tive recombination rate. Physically, the radiative recom-
bination rate becomes proportional to the carrier den-
sity in the case of large injection [35], leading to the
rapid increase in the luminescence intensity. This behav-
ior means that amplification of spontaneous emission may
be realized by creating dense electron-hole plasmas in a Si
nanoparticle.

Given knowledge of the carrier density generated in a Si
nanoparticle, the quantum efficiency of the Si nanoparti-
cle (η = Nphoton/Neh) can be deduced because the emitted
photons can be readily estimated from the integration of

(a) (b) FIG. 3. The MD resonance shift
revealed in the MD-enhanced hot
luminescence. (a) Hot-electron
luminescence spectra measured
for a Si nanosphere excited at
different wavelengths of 540,
570, and 600 nm. The scatter-
ing spectrum measured for the
Si nanosphere is also provided
for reference. (b) The dependence
of the PL intensity and MD res-
onance on the excitation wave-
length.
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(a) (b)

(c) (d)

FIG. 4. The enhanced quantum efficiency observed at high carrier densities. (a) Hot-electron luminescence spectra measured for a Si
nanosphere, which is excited at 530 nm, at different excitation intensities. The evolution of the luminescence spectrum with increasing
carrier density simulated for the Si nanosphere is shown in the inset. (b) The dependence of the band-gap energy and the refractive-
index change of Si on the temperature. The dependence of the temperature on the number of irradiated pulses calculated for a Si
nanosphere with d ∼ 200 nm is shown in the inset. (c) The wavelength dependence of the enhancement factor for the hot-electron
luminescence calculated at different excitation intensities. (d) The dependence of the quantum efficiency and carrier density on the
excitation intensity extracted for the Si nanosphere.

the luminescence spectrum of the Si nanoparticle charac-
terized by the photon counts [14]. In Fig. 4(d), we present
the dependence of the quantum efficiency on the excitation
intensity derived for the Si nanoparticle. Interestingly, a
rapid increase in the quantum efficiency is observed at high
excitation intensities owing to the increase in the radia-
tive recombination rate. Therefore, the enhanced radiative
recombination rate induced by dense electron-hole plas-
mas may counteract or even surpass the reduction of the
enhancement factor, leading to the appearance of amplified
spontaneous emission in Si nanoparticles. Similar behav-
ior has been observed if we choose to resonantly excite the
MQ resonance of a Si nanosphere (see the Supplemental
Material, S7 [24]).

Previously, bistability and self-modulation phenomena
have been commonly observed in Si microresonators,
including microrings, microdisks, and photonic crystal
cavities, owing to the cooperation of various nonlinear
optical effects and the temperature effect [36–38]. It is
noted, however, that these cavities possess very large Q
factors (approximately 105) and that a continuous-wave
laser light with a very narrow line width is generally
employed as the excitation source. When the excitation

intensity exceeds a threshold, the competing resonance
shifts (i.e., the red shift induced by the thermo-optic effect
and the blue shift induced by the free carrier dispersion)
result in a modulation of the resonance wavelength tem-
porally and periodically. In comparison, the Q factors of
the Mie resonances in a Si nanopartcle, ranging from 5
to 50, are several orders of magnitude lower than those
of Si microresonators. In addition, the excitation source
in our case is femtosecond laser pulses with a wide line
width of approximately 10 nm. For carrier injection, we
can choose either resonant or nonresonant excitation of the
MQ and/or EQ resonances. In the latter case, no bistability
and self-modulation phenomena are expected because only
the emission at the MD resonance is examined. Even in the
case of resonant excitation, we do not observe any bista-
bility and self-modulation behavior because of the absence
of any feedback mechanism. As can be seen in Fig. 4(b),
the temperature rise induced in a Si nanoparticle, which
depends on the laser fluence, reaches a constant value after
irradiating approximately 100 laser pulses. As a result, the
refractive-index change of Si and the induced wavelength
shifts in the Mie resonances also become steady values for
a fixed laser fluence. In sharp contrast, the refractive-index
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change of Si induced by injected free carriers only occurs
for the duration of the excitation laser pulses (approxi-
mately 130 fs) and it disappears about 30 ps after the laser
pulses through radiative recombination, giving rise to the
hot-electron luminescence observed in the experiments.
Therefore, the blue shift of the MD resonance observed in
the hot-electron luminescence is the maximum blue shift
recorded by the transient luminescence subtract the steady
red shift induced by the temperature rise.

IV. CONCLUDING REMARKS

In summary, we propose a strategy to characterize the
blue shift of the MD resonance of a Si nanoparticle induced
by dense electron-hole plasmas by exploiting the MD-
enhanced luminescence emitted by the Si nanoparticle. It
is found that the MD resonance of the Si nanoparticle
is blue shifted, broadened, and attenuated with increas-
ing carrier density. The maximum blue shift of the MD
resonance can be characterized by the steady blue shift
of the multiphoton-induced absorption peak or the hot-
electron luminescence peak, from which the carrier density
and quantum efficiency of the Si nanoparticle can be
derived. The luminescence intensity or the quantum effi-
ciency exhibits a rapid increase at high carrier densities,
implying an increase in the radiative recombination rate.
Here, we demonstrate that the quantum efficiency of the
hot-electron luminescence of silicon nanoparticles can be
enhanced by a factor of more than 5 through injecting
dense electron-hole plasmas. Our findings indicate the pos-
sibilities for manipulating the hot-electron luminescence
from Si nanoparticles [39] and for realizing amplified
spontaneous emission, which will contribute to the making
of efficient Si-based light-emitting devices for integrated
photonic circuits in the future.
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