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Dynamics of free carrier absorption and refractive
index dispersion in Si and Si/polySi microrings

Marco Novarese, Sebastian Romero-Garcia, Jock Bovington, and Mariangela Gioannini

Abstract—We report pump-probe measurements of time re-
solved optical transmission spectra of Si and Si/poly-Si microrings
after high free carrier densities have been generated by two-
photon absorption of the pump pulse. From measurements, we
can extract the recovery dynamics of free carrier absorption,
refractive index dispersion, generated free carriers and finally
the effective initial free carrier lifetimes. The method is validated
by comparing modelling and simulations with measurements; the
obtained results are in very good agreement with what predicted
by the Shockley-Read-Hall recombination model for trap assisted
recombination. We also propose a method for determining the
empirical relations for free carrier absorption and refractive
index dispersion in poly-Si waveguides.

Index Terms—Silicon microrings, two-photon absorption, free
carriers, polysilicon waveguide, carrier lifetimes

I. INTRODUCTION

Silicon microring resonators (MRRs) are important com-
ponents in photonics integrated circuits due to their low-
cost, low-power, and small-size properties achievable with
CMOS fabrication processes [1]. One of the main drawbacks
of using silicon at optical communication wavelengths is that
Two-photon absorption (TPA), free carrier absorption (FCA),
and dispersion (FCD) pose limitations to the power entering
the MRR [2]. This problem is of great importance when
employing microrings for hybrid tunable lasers based on the
Vernier effect [3]. In order to reach wide tunability, a large
free-spectral-range (FSR) is desired, which requires small ring
radii. With silicon, it is possible to reach a ring radius of
r ≈ 4µm with negligible bend loss. The ring radius can be
further reduced to 2µm with only 5dB/cm of bend losses in
the C band employing waveguide structures composed of Si
and poly-Si core as those available in the SISCAP platform
[4]. As discussed in the following of this paper, the waveguide
consists in a rectangular undoped poly-Si core on top of a
Si core. In poly-Si, the defects within the crystalline grains
act as recombination centers for free carriers, dramatically
decreasing the free carriers lifetimes with consequent reduced
impact of FCA and increase of switching time when the MRR
is employed as an all optical switch [5]. Free carrier lifetime
is indeed a key parameter regulating the effective loss and the
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shift of the ring resonant wavelength. It is determined by trap-
assisted non-radiative Shockley-Read-Hall (SRH) recombina-
tion [6] and thus by the density of holes in the valence band
and of electrons in the conduction band [2]. Unfortunately,
given the same electron and hole density in the Si and poly-Si
core, the FCA in polysilicon is higher compared to crystalline
silicon [7] since the FCA scales, as a first approximation, as
1/µn,p [8] (with µn,p the carrier mobility) and the mobility in
poly-Si is lower depending on the grain size and the number of
grain boundaries that populate the material [9]. The aim of this
paper is investigating the recovery of the free carriers (FC) via
SRH recombination in crystalline Si and poly-Si waveguides,
derive the corresponding lifetimes and, for the case of the
poly-Si, the expressions for FCA and FCD as function of the
free carrier density. To reach this goal, we have developed a
method based on pump-probe experiments: we first retrieve the
time resolved transmission spectra of the MRR as it recovers
to the linear state after a strong pump pulse has excited the
non-linearity. Then the nonlinear (NL) loss and the refractive
index variation due to FC can be extracted, making it possible
to experimentally determine the free carrier density inside the
ring. With this approach, the carrier lifetimes in both structures
can be retrieved demonstrating that in poly-Si they are one
order of magnitude smaller than in Si waveguides. We validate
our procedure by comparing the experimental results with ad
hoc simulations, including trap-assisted recombination [2].

II. EXPERIMENTAL SETUP

Fig.1 shows the setup for continuous wave (CW) or pump-
probe characterization of the MRRs. We inject a pump pulse
of 100 ps with different pump energies and wavelength set at
one of the resonant wavelengths (λ0,pump) of the microring
in linear regime. The CW probe power in the bus is below
−20 dBm. To measure the impact of NL effects on the
transmission coefficient of the ring, the probe wavelength
(λprobe) is varied around a resonant wavelength (λ0,probe)
whereas the pump wavelength is fixed at the closest resonant
wavelength of the ring (λ0,pump, on the red side with respect
to λ0,probe, see the inset of Fig. 1 ).

Once the pump pulse has been absorbed due to TPA and the
free electrons and holes have been generated, the CW probe at
different wavelengths monitors in time the nonlinear response
of the ring as a result of FCA and FCD.

Since the pump repetition rate (4 kHz) is much larger than
the pump pulse, we avoid any thermal effects. To understand
the experimental results, we employ the model we developed
in [2] to simulate the CW nonlinear response of silicon MRR.
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Fig. 1. Setup implemented in CW and pump-probe MRR measurements.
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Fig. 2. Measured and modelled variation of the resonant wavelength and
transmission coefficients for CW power injection. Ring with rectangular
waveguide cross section and radius r = 5µm. From fitting we get Nt =
8.5 · 1016 cm−3.

The model in [2] can be extended to the time domain [10]
to simulate the nonlinear response of the ring after the pump
pulse. FC recombination is modeled by trap-assisted Shockley-
Read-Hall (SRH) rate equations [2]. The density of trap (Nt)
in the Si core determines the SRH recombination rate of
electrons and holes and it is the free parameter to fit the
experiments.

III. RESULTS

We have first characterized a Si MRR with CW input power
and forward wavelength sweep to retrieve from modelling and
fitting the trap density per unit of volume Nt and other linear
parameters [2]. The cross section of the MRR waveguide is
in the inset of Fig.2 .

The measured and simulated variation of the ring resonant
wavelength (∆λCW ) and the transmission coefficients at the
two output ports (through ports 1 and 2 in Fig. 1) at resonance
(Tout,CW ) are reported in Fig. 2; Pbus is the power entering the
splitter (see the MRR structure of the device-under-test, DUT,
in Fig. 1). The model [2] well reproduces the shift of resonant
wavelength and transmission coefficient as function of the bus
power. Discrepancy at power higher than 1.6mW are due
to the self-oscillations of the ring [10]. To experimentally
retrieve the recovery dynamics of the free carrier densities,
we have performed pump-probe measurements; results are
in Fig. 3. Fig. 3 (a) collects the respectively maps of the
measured and simulated probe traces at different wavelengths
with the pump pulse of 100 ps injected at 5.1ns in the time
axis. From the measured map in Fig. 3 (a) we construct

in Fig. 3 (b) the measured spectrum of the transmission
coefficients of the ring at different time instants after the
pump has ended at t = 5.4ns. We observe the recovery
of the ring transmission spectrum from the maximum of the
nonlinear response (blue spectrum just after the pump) to the
linear response (purple curve). By fitting, with the analytical
expression of the transmission spectrum, the spectra measured
at the different time instants, we can extract the variation
with time of the optical modal loss (α(t)) inside the ring
and the loss variation, due to FCA, with respect to the linear
value α0,tot; that is ∆αFCA,exp(t) = α(t) − α0,tot. Here
α0,tot = α0+αrad, where α0 is the linear loss term due to light
scattering, surface state absorption, and residual doping, while
αrad accounts for light irradiated in the cladding due to bend
loss. TPA loss of the probe signal in the time range after the
pump pulse are negligible because the circulating probe power
is low. From the minima of the transmission spectra, we get the
variation of the resonant wavelength (∆λexp(t)) with respect
to the linear case and then the variation of the waveguide
refractive index due to FCD: ∆neff,FCD(t) = ∆λ(t) ·ng/λ0

[11]. Here λ0 is the cold resonance of the ring and ng = 3.45
is the group index of the silicon waveguide. The results are in
Fig. 3 (c), the black solid lines are the model results in good
agreement with the experiments, where we attribute the small
discrepancy in NL losses between measurements and model to
the noise of the avalanche photodiode (APD) and additional
insertion losses in the filter-APD-oscilloscope configuration.
The variation of the silicon optical loss and refractive index
depends on the density of electrons (ne) and holes (pe) as
derived by Soref et al. [12], namely:

∆αFCA = Γ
(
8.88 · 10−21n1.167

e + 5.84 · 10−20p1.109e

)
, (1)

∆neff,FCD = −Γ(5.4·10−22n1.011
e +1.53·10−18p0.838e ). (2)

Where Γ is the optical confinement factor of the field in the
silicon core. Having measured in Fig.3 (b) these variations,
we can compute numerically from eqs.(1) and (2) the electron
and hole densities with the constraint 0 < (pe − ne)/Nt < 1;
(pe − ne)/Nt is the fraction of occupied traps [2], [6], [10].
Results are displayed in Fig.4; the difference between electron
and hole densities is justified by the different capture times
in the trap for electrons and holes. By fitting the curve with
a single exponential, we can extract the initial electron and
hole equivalent lifetimes referred to the first 10ns of carrier
transient [13]. These are summarized in Table I. We note that

TABLE I
EXPERIMENTAL AND SIMULATED INITIAL ELECTRON AND HOLE

LIFETIMES.

τ [ns] Experiment Theory
τn,18dBm 3.6 2.7
τp,18dBm 4.35 5
τn,11dBm 1.15 0.83
τp,11dBm 6.5 6.4

the electron lifetime decreases with increasing power while the
hole lifetime follows the opposite trend; this is well explained
by the SRH theory, where the nonlinear behavior of both
carriers is determined by the trap density and trap energy
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Fig. 3. (a) Measured c-Si waveguide (top) and simulated (bottom) probe traces at different wavelengths in the case of a pump pulse of 100 ps injected at
5.1ns and peak power of 18 dBm. (b) Transmission spectrum of the ring reconstructed from Fig. 3 (a) at different time instants after the pump at t = 5.4ns.
(c) Extracted variation of nonlinear losses and resonant wavelength due to FCA and FCD for two different pulse peak power.
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level [2], [6], [10]. The model we developed in [2], [10] is
also fairly accurate in following the experimental results with
the carrier lifetimes being close to the experimental values.
The good match between the model and experimental results
also validates the experimental procedure we have set up.
The approach developed in the standard silicon MRR case
has been extended to the characterization of the Si/poly-Si
MRR, whose cross section is shown in the inset of Fig.5 (a).
In the pump-probe experiments, the pulse width and period
are the same as in the previous case, whereas a higher pump
peak power of approximately 24dBm has been injected to
excite enough free carries in both Si and poly-Si cores. Time-
resolved transmission spectra (Fig.5(a)) are recovered from
the map of measured probe traces (in Fig.5 (b)) after the
pump pulse of 100 ps has ended at 5.4ns. The extracted
variation of loss ∆αFCA,exp(t) and the effective refractive
index ∆neff,FCD,exp(t) are in Fig.6 in black solid line. To
obtain information about the carrier density inside the Si and
poly-Si cores, we fit the measured recovery with a double
exponential function: the fastest decaying exponential (blue
curves in Fig.6) is associated with poly-Si [14], whereas the
other one (dashed red line in Fig.6) is related to silicon. In
fact the optical field is almost equally confined in both cores
(ΓSi = 0.46 and Γpoly = 0.51). Assuming that βTPA is
equal in both materials, we expect approximately the same
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Fig. 5. (a) Time-resolved transmission spectra of the Si/poly-Si ring and
related probe trace (b). The inset in (a) shows a schematic cross-sectional
view of the ring. A pump pulse of 100 ps is injected at 5.1ns with peak
power of Pbus,peak ≈ 24 dBm.

number of carriers (generated by TPA) in the Si and poly-
Si cores immediately after the pump at t = 5.4ns (i.e.,
ne,Si(t = 5.4ns) = ne,poly−Si(t = 5.4ns) and pe,Si(t =
5.4ns) = pe,poly−Si(t = 5.4ns)). We can use then Eq.(1)
and (2) to fit the red dashed curves of the silicon response
and retrieve the carrier density in silicon. The values of carrier
density calculated in Si at t = 5.4ns, are employed to
find, from the blue curves at t = 5.4ns, the coefficients
Apoly, Bpoly, Cpoly, Dpoly of the expressions:

∆αFCA,poly = Γpoly

(
Apolyn

1.167
e +Bpolyp

1.109
e

)
, (3)

∆neff,FCD,poly = −Γpoly(Cpolyn
1.011
e +Dpolyp

0.838
e ). (4)
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The minimization procedure results in the values Apoly = 5.2·
10−20 cm2,Bpoly = 1.2 · 10−19 cm2,Cpoly = 6.6 · 10−22 cm3,
and Dpoly = 2.4 · 10−18 cm3. We note that the coefficients
Apoly and Bpoly are one order of magnitude higher than
those of silicon, which means that poly-Si suffers a higher
FCA as expected by the reduced carrier mobility [11]. Fixing
the previous coefficients and from Eq.(1)-(4), we can get
the carrier densities with time as reported in Fig.6 (b); the
extracted initial carrier lifetimes are summarized in Table II.

TABLE II
EXPERIMENTAL INITIAL CARRIER LIFETIMES IN SI/POLY-SI WAVEGUIDES

τ [ns] Silicon polysilicon
τn 6.4 0.17
τp 7.7 0.2

IV. CONCLUSION

We have presented pump-probe experiments to retrieve
the time resolved transmission spectra in nonlinear regime
in Si microring resonators excited by strong pump pulses.
The analysis of the measured spectra allows the extraction of
the absorption and refractive index variation in time. From
these two quantities, we have recovered the dynamics of free
electrons and holes and their equivalent initial lifetimes in two
types of resonators. Simulation results obtained with a time
domain nonlinear model of the rings, including SRH trap-
assisted recombination, were able to fit the experimental data
for the silicon waveguide, allowing the material properties of
the tested waveguides to be quantified using the developed
experimental methodology.
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