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Continuous wave spectroscopy of nonlinear dynamics of Si nanocrystals in a microdisk resonator
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We report on a study of the recombination dynamics of silicon nanocrystals (Si-ncs) embedded in a planar
whispering-gallery mode resonator. Fundamental properties of exciton dynamics in Si-ncs, in particular their
absorption cross-section and excited carrier-related losses, can be extracted from continuous-wave spectroscopy
by analyzing the resonance linewidths at different excitation powers. Observation of nonlinear drifts of mode peak
positions in the same experiment allows us to model the nonlinear refractive index of the nanocrystalline material.
The theoretical results confirm that the observed sublinear blue and linear redshifts of resonance peak positions are
induced by excited carrier effects and thermal heating at low and high pump powers, respectively. The extracted
thermo-optic coefficient, kT = 1.46 × 10−4 K−1, and excited carrier refraction, kEC = −1.07 × 10−23 cm3, in
Si-ncs, are of relevance since they may induce important modulation of the fine modal structure of an optically
active cavity.
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I. INTRODUCTION

Optically active photonic devices which exploit the prop-
erties of silicon nanocrystals (Si-nc) are of interest since
they enable new functionalities or phenomena in silicon
photonics.1 In the last years particular interest has been raised
for studying the optical properties of Si-ncs embedded in
a whispering-gallery mode (WGM) resonator. Experiments
allowed observation of light emission at near-infrared (NIR)
wavelengths with characteristic modal features from optically
pumped microresonators.2,3 Analysis of the principal loss
mechanisms in microdisk resonators has been carried out,4

and the tuning of the quality factors (Q) of mode emission has
been achieved by using exotic resonator shapes.5 In addition,
coupling of Si-ncs emission to WGM resonances of a low-loss
silica ring resonator6 and Purcell enhancement of the emission
rates of Si-ncs7 have all been demonstrated.

A general property of these devices is that within the
NIR light-emission band of Si-ncs the obtainable Qs are
only of the order of several thousands. This fact is mainly
associated with the strong increase of optical losses due to
excited carrier absorption (ECA).3,4 In fact, a photoexcited
carrier in a Si-nc can further absorb the light generated by
exciton recombination in Si-ncs. This reabsorption generates
additional material losses, and, when the Si-ncs are embedded
in a cavity, it increases the mode loss, limiting, therefore, the
cavity Q.

In this paper we present a systematic study of NIR light
emission from Si-nc-based WGM resonators. We show that by
analyzing the excitation pump intensity-dependent emission
from resonator modes several pieces of information on Si-
ncs embedded in the WGM resonator can be revealed. In
particular, the excitation cross section of Si-ncs can be obtained
from the study of the power variation of the quality factors.
Moreover, the nonlinear refractive index can be obtained by
modeling of the spectral shifts of WGM resonances versus
the pump power. The model includes contributions both
from ECA and thermal heating. Typically, these quantities

in a bulk nanocrystalline material [silicon-rich oxide (SRO)]
are obtained through complicated experimental arrangements
(pump-probe, Z-scan, etc.), which require high temporal
resolution. We demonstrate, in this study, that the same
parameters can be obtained based on simple continuous-wave
(CW) photoluminescence (PL) experiments.

The paper is organized as follows. In Sec. II we describe
the experimental technique and provide the characteristic PL
spectra of studied Si-nc-based WGM resonators. In Sec. III
we discuss the cavity loss mechanisms, model the ECA-related
loss, and, based on it, analyze the experimental data. In Sec. IV
we address the nonlinearities in the SRO material, model the
experimentally observed peak shifts, and extract the nonlinear
coefficients related to the thermo-optic and excited carrier
refraction effects. Finally, in Sec. V we summarize our results
and draw some conclusions.

II. EXPERIMENTAL RESULTS

A. Sample fabrication

Suspended Si-nc-based planar microdisk resonators of
10 μm in diameter have been realized following the method
described in Ref. 3. In particular, the microdisk fabrication
starts with a deposition of a 250-nm-thick SiOx layer on top
of crystalline silicon wafers from a mixture of silane (SiH4,
65 sccm) and nitrous oxide (N2O, 973 sccm) gases using
a parallel-plate plasma enhanced chemical vapor deposition
(PECVD) chamber at 300 ◦C. A successive one-hour annealing
in a nitrogen atmosphere at 1100 ◦C results in the formation of
Si-ncs (through a phase separation process of SRO into Si and
SiO2) embedded in a silica host. During this thermal treatment
the SRO layer densifies down to 200 nm due to the release
of hydrogen and microvoids, present in the as-deposited layer.
Then, a photolithographical patterning of microdisk arrays
is performed and followed by dry (anisotropic, SRO disk
definition) and selective wet etching (isotropic, Si pedestal)
steps. Finally, the photoresist is removed in an O2-plasma
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FIG. 1. (Color online) A three-dimensional sketch of the exper-
imental setup and measurement configuration. A top-view optical
micrograph of the sample and the zoom of a 10-μm-diameter
microdisk resonator are also shown in the upper left corner.

chamber. By the end of the described fabrication steps,
monolithic Si-nc-based suspended microdisk resonators are
realized.

B. WGM emission from active resonators

The resonators were studied under CW excitation (Ar+
laser, excitation wavelength λexc = 488 nm) using a micropho-
toluminescence (micro-PL) setup, which is sketched in Fig. 1.
A fiber-coupled monochromator with a CCD detector is used
to analyze the emission spectra. Critical for the measurements
are the excitation of a single microdisk and the observation
of the emission in the plane of the microdisk with a small
numerical aperture collection optics.3 The polarization of the
collected emission was also selected [transverse electric (TE)
indicates that the electric field is in the microdisk plane, and
transverse magnetic (TM) indicates that the magnetic field is
in the microdisk plane].

A typical TE-polarized PL spectrum is characterized by
narrow WGM resonances emerging from the broad emission
band of Si-ncs. The broad emission is due to photons
emerging from the microdisk which are not coupled to any
cavity mode (placed, for example, close to the disk center).
Figure 2 shows an example of such a spectrum from a
10-μm-diameter microdisk. Finite element method (FEM)
numerical simulations allow identification of various cavity
modes, which can be classified by the number of electrical field
antinodes along the radial (p) and azimuthal (2m) directions,
respectively, as well as their polarization state. Each WGM is
labeled as TEp,m; examples are shown in Fig. 2.

An intriguing possibility is to extract quantitative informa-
tion about the Si-ncs by simple CW PL experiments. Figure 3
shows a two-dimensional map of the PL for different pump
powers and wavelengths. Here the WGMs appear as narrow
and intense lines. While this map is useful to identify the
different radial families, quantification of excitation-induced
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FIG. 2. (Color online) A characteristic Si-nc WGM emission
spectrum from a 10-μm-diameter microdisk, where different radial
WGM families can be identified. As an example, a few are labeled
with the polarization and radial and azimuthal mode numbers. On
the right panel the calculated electric-field intensity profiles of modes
labeled in the emission spectrum (wavelength �825 nm) are reported.
The white contours visualize the microdisk cross section.

losses and nonlinear effects in Si-ncs can be inferred through
a careful analysis and modeling of the WGM line broadening,
as well as the spectral shifts. This will be done in the next
sections.

III. RESULTS AND DISCUSSION

A. Excited carrier absorption

Pump-probe experiments (with a 1.5 μm wavelength probe,
a 532 nm excitation pump with a photon flux, �, of the order
of 1020 ph./(cm2s) have shown that the excitation-induced
losses due to the ECA in an SRO waveguide can be as
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FIG. 3. (Color online) The PL intensity map vs excitation power
(λexc = 488 nm) and wavelength obtained from a 10-μm microdisk.
The color bar refers to the PL intensity in arbitrary units. It is worth
noting that the peak-to-background contrast increases at large pump
powers, allowing an easy recognition of several high-order families.
On the right panel the PL spectrum obtained at 1 W pumping power
is reported.
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FIG. 4. (Color online) (a) The mode quality factor vs pumping
power for the WGM at 865 nm. (b) The inverse of Q vs the incident
photon flux (�). The line is a fit to the data with a sigmoidal function
y = a�/(1 + b�).

high as 1.38 cm−1.9 Such a value represents an important
nonlinear loss mechanism in Si-nc-based optical device. A
characterization of ECA at NIR wavelengths can be obtained
by analyzing the spectral linewidths of the microdisk. In fact,
the quality factor of a WGM mode, which is inversely related
to the cavity loss, can be evaluated by the ratio of the peak
frequency and spectral full width at half maximum of the
Lorentzian-shaped resonance. When this is applied to various
modes, shown in Fig. 3, a monotonically decreasing Q with
increasing excitation pump power is observed. An example
is shown in Fig. 4(a), where the Q extracted for the WGM
resonance at λ = 865 nm is reported.

The inverse of the mode Q represents the total cavity loss
(Qtot) and accounts for all possible loss channels:

Q−1
tot = Q−1

rad + Q−1
mat + Q−1

ss + Q−1
sa + · · · , (1)

where Qrad accounts for the radiative losses, Qmat accounts for
the material losses, Qss accounts for the surface scattering, and
Qsa accounts for the surface absorption. For the microdisk, a
good estimation of Qtot can be obtained by considering only the
first two terms in the right-hand side of Eq. (1).3 In particular,
while Qrad depends only on the cavity geometry, Qmat is largely
influenced by excitation power-dependent contributions. Since
absorption in SRO is given by a constant term, α0, and an
excitation photon flux-dependent term, α∗

�,3 then we have
Q−1

mat = �λ(α0 + α∗
�)/(2πneff) for the material loss. Here, neff

is the effective (modal) index, λ is the wavelength, � is the
optical confinement factor, and α is the loss coefficient. This

leads to a final expression for Qtot:

Q−1
tot =

(
Q−1

rad + �λα0

2πneff

)
+ �λα∗(�)

2πneff
, (2)

where α∗(�) is related to the ECA loss, αECA. Modeling
of this last requires a suitable description of the exciton
population dynamics in Si-ncs. The exact modeling of αECA

and, therefore, Nexc requires solving the full rate equation
Eq. (9) (see Sec. III B). For this, apart from the nontrivial
power functions of φ involved in its analytical solution,
many material-related parameters, such as the excitation
cross section, the recombination lifetime, and the Auger
recombination coefficient, have to be known. Due to the error
of the experimental Q factors, the various material-related
parameters can be fitted with rather large uncertainties. In
view of this, at this stage of modeling we rely on a simplified
model,8 in which Auger effects are not directly included but
are considered as a limitation on the maximum number of
excitons in the system.

Auger recombination is one of the dominant loss mecha-
nisms in excited Si-ncs. Therefore, within a two-level model
for a Si-nc, the steady-state exciton population Nexc can be
approximated to8,9

Nexc = σexc�NSi-nc

σexc� + 1/τPL
, (3)

where NSi-nc is the concentration of Si-ncs, σexc is the
absorption cross section, and τPL is the exciton recombination
lifetime. Within this approximation,

αECA = σECANexc(�) = σECAσexcNSi-ncτPL�

1 + σexcτPL�
. (4)

By substituting in Eq. (2) the loss coefficient α∗
� with Eq. (4)

one can show that Q−1
tot is described by a sigmoidal function

y = y0 + a�/(1 + b�). A fit to the Q data [Fig. 4(b)] with a
sigmoidal function allows extraction of the best-fit values for
a and b parameters. With simple algebra,

σECANSi-nc = a

b

2πneff

λ�
, (5)

σexc = b

τPL
. (6)

The neff and � can be calculated by FEM simulations, while
τPL were measured by time-resolved PL experiments in the
bulk material.7 We note here that, while for the PL lifetime,
τPL, one should consider also a possible shortening (with
respect to the bulk lifetime) due to the Purcell enhancement
at the cavity resonant wavelengths by up to ∼70% (see
Ref. 7), this modification of σexc is small with respect to
the overall experimental error. Therefore, in this study the
impact of the Purcell effect on τPL was neglected in a first-order
approximation. Thus, it is possible to extract σECANSi-nc and
σexc from the best-fit parameters a and b.

The results of this modeling are summarized in Fig. 5, where
we report the spectral dependence of σexc measured with λexc =
488 nm. For comparison, some values reported in the literature
have been added.10 Our extracted values are compatible with
the data from the literature. In the inset of Fig. 5 the spectral
dependence of σECANSi-nc is reported. Even if a definite value
for the ECA cross section is not possible to extract, since the
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FIG. 5. (Color online) The spectral dependence of extracted σexc.
The dashed curves are from Ref. 10. (Inset) The σECANSi-nc is plotted
vs the wavelength.

Si-nc concentration is only roughly estimated, it is still possible
to see that ECA-related losses represent a strong contribution
in the Q reduction for the experimental excitation fluxes we
have employed.

Finally, it is interesting to note that, when the exciton
population saturates due to Auger effects (generating roughly
one exciton per nanocrystal), the ECA loss becomes a constant
term, as it appears from Eq. (4). Therefore, even at very large
excitation powers, a minimum Q of about 1 × 103 is achieved
in the investigated microdisk resonators.

B. WGM peak shift and optical nonlinearities in SRO

A detailed analysis of the resonant peak positions as
a function of excitation intensity has been performed for
several first-order radial family modes.11 Figure 6 shows a
three-dimensional plot of the relative peak shift, 
λ(�) =
λ0 − λ(�), for azimuthal mode orders ranging from m = 45
to 51 (λ0 is the peak wavelength for vanishingly low photon
fluxes).

The plotted results show that two concurrent nonlinear
effects are at work: the first one produces a blueshift of
resonances and dominates at low pump fluxes, while the
second one rules at large fluxes and produces a redshift.
This behavior is observed for all the analyzed modes and
extends over a spectrum of at least 100 nm centered around
λ = 800 nm. We note that the spectral positions of resonances
are fully recovered once the pump power is reduced back
to its lowest level (not shown here). This indicates that no
irreversible change (e.g., laser-induced oxidation) occurs in
the refractive index of the cavity modes under the highest
pump powers employed in the experiments. Therefore, we
suggest that the various peak shifts result from the interplay of
thermo-optic and free-carrier refraction effects.12–14

The refractive index of SRO can be modeled as n =
n0 + 
n(T ,Nexc), where T is the temperature. In this way, the
refractive index variation 
n = kT 
T + kECNexc, where kT

and kEC are the thermo-optic and excited-carrier coefficients.
In our experiments, we have analyzed the wavelength shift,

FIG. 6. (Color online) Experimentally observed shift of the cavity
resonances of the first radial mode family as a function of pump power.
The blueshift at relatively low powers is gradually transforming into
a redshift at higher pump intensities.


λ, of the WGM modes, which reflects the variation of the
mode refractive index, neff. This last, in its turn, is closely
related to the material refractive index.15 Relating 
λ to 
neff

for cavity resonant wavelengths yields


λ(�) = 2πR

m
(kT 
T + kECNexc), (7)

where R is the radius of the resonator and m is the azimuthal
mode number.

The SRO is a composite material; its large nonlinear
electronic properties are given by the nanocrystalline phase
(Si-ncs) both in the visible16 and in the near infrared.17 The
silica host plays an important role in the heat dissipation
processes. Some of these aspects have been addressed in the
recent literature. The thermo-optic coefficient of SRO has been
studied at 1.53 μm, and we find kT values between those of
silica and of silicon.18

To get an estimate of kT and kEC from a fit of 
λ(�), it is
necessary to relate T and Nexc with � itself. This is done here
by solving the rate equations:

d
T

dt
= − PA

ρCV
− 
T

τT

, (8)

dNexc

dt
= σexcN0φ − Nexc

τ
− CAN3

exc, (9)

where PA is the absorbed power; ρ, C, V, and τT are,
respectively, the density, the thermal capacity, the resonator
volume, and the temperature decay time constant;13 and σexc,
N0, τ , and CA are the absorption cross section, the number,
the recombination lifetime, and the Auger coefficient of silicon
nanocrystals. These parameters have been taken from recently
reported experiments.19,20

Equation (9) can be also expressed in terms of absorbed
power. Considering that PA = σexcN0tPIN = σexcN0tφh̄ωS,
where PIN is the incident pump power, h̄ω is the pump photon
energy, t and S = πR2 are the microdisk thickness and the
surface area, respectively, Eq. (9) takes the form

dNexc

dt
= PA

h̄ωV
− Nexc

τ
− CAN3

exc. (10)
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The numerically calculated exciton population Nexc as a function of
PA (circles) and its power law fit (line). (b) Experimental data as
in (a), plotted together with separately calculated contributions from
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Since the measurements are performed in CW conditions,
Eqs. (8) and (10) can be solved under steady-state conditions.
While the temperature variation has a simple algebraic
solution, the analytic solution for Nexc is rather cumbersome.
For this last, another possibility is to solve Eq. (10) numerically
and, afterwards, fit it with an allometric power function
Nexc = a1P

b1
A in order to obtain a manageable analytic form.

The inset of Fig. 7(a) reports the obtained numerical results
(scatter) and the best-fit curve (line). In particular, we obtained
a1 = 6.351 × 1020 and b1 = 0.35345, with a coefficient of
determination r2 = 0.9992. Note that the power coefficient
b1 carries the signature of the recombination processes
strongly dominated by the Auger mechanism within Si-ncs.22

Therefore, Eq. (7) can be reduced phenomenologically to


λ = 2πR

m

(
k∗
T PA + k∗

ECP
b1
A

)
, (11)

where k∗
T = −kT

τT

ρCV
and k∗

EC = a1kEC.

Equation (11) can be used to fit the data of Fig. 6. As an
example, in Fig. 7(a) we report the best fit (r2 = 0.984) to the
experimental data for the cavity resonance at λ = 855 nm. Two
different regimes can be clearly distinguished: at low fluxes,
the excited carrier effects dominate, with a characteristic
blueshift of the resonances. At higher excitation fluxes, the
temperature-related nonlinearities start to rule out the excited
carrier contribution, imposing a net redshift of the WGM
peaks.

The best-fit parameters obtained are kT = 1.46 ×
10−4 ± 2.4 × 10−5 K−1 and kEC = −1.07 × 10−23 ± 3.7 ×
10−24 cm3. As expected, the coefficients have opposite signs
and, thus, lead respectively to red/blueshifts of the resonances.
In the limited spectral range analyzed here, no particular
spectral trend of the coefficients can be found; the values
reported here represent an average between the different
analyzed modes. The evaluated thermo-optic coefficient is
in agreement with the numbers reported in the literature.18

Naturally, the SRO, being a composite material (Si-ncs in a
silica host), shows a lower kT with respect to that of bulk
crystalline silicon (kSi

T ≈ 1.86 × 10−4 K−1). On the other
hand, the excited carrier-related coefficient is two orders of
magnitude lower than the free-carrier coefficients found in
Si. This is particulary interesting and could be explained in
terms of the spatial confinement of the excited carriers in the
Si-ncs.9

IV. CONCLUSIONS

In conclusion, we presented a continuous-wave spectro-
scopic study of nonlinear dynamics of Si-ncs embedded
in a planar WGM microresonator. We show that important
information on fundamental properties of exciton dynamics
in Si-ncs can be extracted by analyzing the excitation pump
dependence of the CW emission. Both the power dependencies
of resonance quality factors (thus, related cavity losses) and
the peak positions can be modeled to provide an estimation of
important material parameters. Our results confirm that excited
carrier effects and thermal heating are competing effects in
Si-nc which influence their recombination dynamics. In par-
ticular, at low power the excited carrier effects dominate, while
at high pump power the thermal effects are more important.
The proposed approach of analysis of the experimental data
can be also extended to other material systems on which active
WGM microresonators are based.

ACKNOWLEDGMENTS

M. X. acknowledges funding from the National Ba-
sic Research Program of China (973 Program, Grant
No. 2007CB613403). A. P. acknowledges funding from
Regione Toscana through project PORFOCUS.

*ghulinyan@fbk.eu
1L. Pavesi and R. Turan, Silicon Nanocrystals: Fundamentals,
Synthesis and Applications (Wiley-Verlag, Berlin, 2010).

2R.-J. Zhang, S.-Y. Seo, A. P. Milenin, M. Zacharias,
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