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We report on time-resolved pump and probe characterization of linear and nonlinear optical gener-

ation of free carriers in a silicon strip nano-waveguide at the 1550 nm communication band.

Analytical expressions were developed to extract the carrier density averaged along the waveguide

length from the measured free-carrier absorption for different input pump power levels. This allows

us to discriminate the contributions from two-photon absorption (TPA) and single-photon absorp-

tion (SPA), obtaining TPA and SPA coefficients of (1.5 6 0.1) cm/GW and (1.9 6 0.1) m�1,

respectively. Our results reveal that the effective TPA within the waveguide is higher than the

value reported for bulk silicon. In addition, we find that for the waveguide under test, the carrier

generation via SPA plays an important role up to �300 mW, and therefore, it must be taken into

account to correctly assess free-carrier effects in silicon photonic devices. Published by AIP
Publishing. https://doi.org/10.1063/1.5023589

Free carriers have been identified as a critical factor in

silicon photonics, giving rise to free-carrier absorption

(FCA) and free-carrier dispersion (FCD).1 These effects are

especially important in strip waveguides, since free-carriers

cannot diffuse out of the optical modal region. In many

cases, the presence of free-carriers degrades the system per-

formance, increasing losses and, for example, reducing para-

metric2 and Raman net gain.3 In addition, the generation and

recombination of free carriers lead to self-heating that can

further impact the behavior of resonant cavities.4,5 Both

FCA and FCD, however, may also be exploited to control

light within the silicon structure.6,7 Consequently, the accu-

rate characterization of carrier dynamics is essential either to

identify the operation limits of a certain device or to take

advantage of it to develop novel applications. This is particu-

larly important at wavelengths around 1550 nm, where most

modern optical communication systems operate.

In nano-scale waveguides, carrier dynamics is governed

by the interplay between carrier generation and recombina-

tion. Specifically, in strip waveguides where electrical carrier

injection is difficult, the free-carriers are mainly generated

by optical means.3,8 Given the 1.12 eV bandgap of silicon, at

1550 nm, optical generation is usually attributed to two-

photon absorption (TPA). Even if this assumption is accurate

for high-power operation, single-photon absorption (SPA)

due to intra-bandgap states ascribed to factors such as dopant

concentration of silicon, crystalline defects, impurities dif-

fused during the etching process, and surface states at the

interface between silicon and oxide has been observed at low

and medium power levels.9–11 It is, therefore, important to

identify each contribution and quantify them in terms of the

input optical power. On the one hand, nonlinear carrier gen-

eration via TPA has been extensively analyzed, first in bulk

silicon12–14 and then in waveguides,15–19 showing an

enhancement of the TPA coefficient in sub-wavelength guid-

ing structures. This enhancement has been observed by Liu

et al.19 at mid-infrared wavelengths in waveguides with

cross-sections of 600 nm � 220 nm; however, it has not been

analyzed at the 1550 nm communications window. On the

other hand, linear carrier generation through SPA has been

used to build waveguide detectors9 and light monitoring

devices10 and has been recently analyzed by Grillanda and

Morichetti.11 In these previous works, the effect of SPA has

been characterized by measuring the generated photocur-

rent,9 the waveguide electrical conductance,10 or the attenua-

tion coefficient11 as a function of the input power. This

however does not give a direct characterization of the more

fundamental SPA absorption coefficient, as the attenuation

itself depends on other parameters such as the carrier lifetime

and the TPA coefficient.

The characterization of the enhanced-TPA at 1550 nm

and a direct measurement of the SPA coefficient in nano-

waveguides are therefore lacking. In this letter, we simulta-
neously measured both the linear and nonlinear optical free-

carrier generation at 1550 nm in a typical single-mode strip

silicon waveguide. We use a method based on time-resolved

pump-and-probe that exploits the different time scales of

free-carrier generation and recombination processes to mea-

sure the generated free-carriers in terms of the input pump

power. This approach, alongside with developed analytical

expressions, allows us to accurately discriminate the contri-

butions of TPA and SPA.

We analyzed a 2.4 mm-long silicon-on-insulator (SOI)

waveguide with silica cladding and a cross-section of

450 nm � 220 nm. The waveguide was fabricated at imec/

Europractice using optical lithography and inductively cou-

pled plasma—reactive ion etching. Two grating couplers

were placed at both ends for input and output light coupling.

We used two additional samples with lengths of 5.9 mm and
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30 mm to measure coupling and linear propagation losses by

performing linear regression of low-power transmittance,

resulting in 1.4 dB/cm propagation loss and 3.7 dB coupling

loss from grating to cleaved fiber. The carrier generation

characterization in the waveguide under test was performed

using the pump and probe experimental setup described by

Aldaya et al.20 A strong pulsed pump generates free-carriers

(through both SPA and TPA), which in turn causes FCA on a

low power continuous wave probe. The probe operates at

1549 nm and the pump at 1547 nm with a full-width at half

maximum (FWHM) pulse duration of tFWHM¼ 80 ps and a

repetition rate of 500 kHz. We used a variable optical attenu-

ator to vary the pump peak power level coupled into the

waveguide from 10 mW up to 1 W and, therefore, control the

amount of generated carriers. By using pump pulses with the

extinction ratio exceeding 30 dB, we avoid carrier generation

between the pump pulses. In addition, by keeping the probe

power at 50 lW, we ensure that the free-carrier density gen-

erated by the probe is negligible compared to that generated

by the pump. Both the low probe power and the long repeti-

tion period of the pump pulses prevent carrier accumulation.

The temporal traces were captured using a two-channel

oscilloscope. One of the channels—an optical input with a

28 GHz built-in photodetector—was used to alternately mea-

sure the output probe and pump signals. The other channel—

an electrical input with a 20 GHz external photodetector—

was used to monitor the input pump pulses. In order to

enhance the signal to noise ratio of the captured output

probe, several traces were averaged, while making sure that

the input pump power did not vary over the averaging pro-

cess (the number of traces m was varied according to the

pump power, for instance, m¼ 75 for 10 mW and m¼ 5 for

1 W).

Figure 1 shows the normalized time-resolved probe

transmittance, T(t), for three different pump powers: 100,

360, and 670 mW. Here, the normalized transmittance T(t) is

obtained by dividing the captured probe traces with pump-on

and pump-off conditions, and therefore, it accounts only for

losses induced by non-degenerate TPA and FCA. Two dif-

ferent regimes can be identified: an initial fast drop in the

transmittance caused by non-degenerate TPA, followed by a

slower regime where FCA is dominant. We measured the

FCA loss at t0¼ 100 ps after the peak of the pulse (where

non-degenerate TPA does not contribute), from which the

generated carrier density can be obtained as20,21

�Nðt0Þ ¼ �
ln Tðt0Þ½ �
SrrgL

; (1)

where rr¼ 1.45� 10�17 cm2 is the FCA cross-section at

1550 nm1,22 and g is the overlap factor between the optical

mode and the silicon core. Given the short diffusion time

(�10 ps), we calculated the overlap factor assuming a uni-

form carrier density in the core cross-section, resulting in

g¼ 0.77 based on the Finite Element Method.20 L is the

waveguide length, and S¼ 1.19 is the slow-light factor that

accounts for the decreased waveguide group velocity com-

pared with bulk silicon, resulting in an FCA-enhance-

ment.23,24 It is important to note that �NðtÞ stands for the

longitudinally averaged carrier density, which for a short

2.4 mm-long waveguide represents well the local carrier den-

sity.20 Figure 2 shows the generated carriers at t0 to input

peak power, �Nðt0Þ=P0, for input pump peak power P0 rang-

ing from 10 to 100 mW. In this range, �Nðt0Þ=P0 presents a

clear linear dependence on P0 with a non-zero intercept

�Nðt0Þ
P0

¼ aþ bP0: (2)

By performing a linear regression, we obtain the

coefficients a¼ (0.9 6 0.1)� 1013 cm�3 mW�1 and

b¼ (2.4 6 0.1) � 1011 cm�3mW�2. We now show that for

low pump powers, where the FCA-induced pump depletion

can be neglected, the coefficients a and b are directly related

to aSPA and bTPA, the absorption coefficients due to SPA and

TPA, respectively. As demonstrated by Aldaya et al.,20 the

dynamics of free-carriers can be highly nonlinear due to the

trap-assisted recombination process. In particular, this pro-

cess results in an instantaneous carrier lifetime that varies as

recombination evolves (as a result of trap saturation). The

instantaneous lifetime is shorter at the beginning of the

recombination process and increases at later stages. This

FIG. 1. Normalized probe transmittance for input pump powers of 100, 360,

and 670 mW. The vertical line at t0¼ 100 ps represents the boundary

between the regime dominated by non-degenerate TPA and the regime dom-

inated by pure FCA.

FIG. 2. Carrier density to power ratio in terms of the input pump power level

up to 100 mW. The experimental data are presented alongside with the lin-

ear regression performed to extract the SPA and TPA coefficients.
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represents a difficulty in extracting the absorption coefficient

from continuous-wave measurements.11 In our experiment,

however, we measured the carrier density only 100 ps after

the pump pulse, which allows us to use the shortest value for

the carrier lifetime (for the waveguide under test, sc¼ 800 ps

as reported by Aldaya et al.20). As a result, the nonlinear

recombination equations described by Aldaya et al.20 can be

simplified to the usual form

@Nðz; tÞ
@t

¼ gðz; tÞ � Nðz; tÞ
sc

; (3a)

gðz; tÞ ¼ aSPA

�hx
Iðz; tÞ þ bTPA

2�hx
I2ðz; tÞ: (3b)

The carrier generation rate g(z, t) includes both SPA and

TPA (recalling that we only consider free carriers generated

by the pump signal), with �hx being the photon energy, I(z, t)
the pump intensity, and z and t the spatial and temporal coor-

dinates, respectively. In Eq. (3b), aSPA and bTPA correspond

to the effective SPA and TPA coefficients, respectively. For

relatively low pump power levels, pump depletion due to

free carriers can be neglected, leading to an analytical

expression for the pump intensity24,25

Iðz; tÞ ¼ Ið0; tÞ exp ð�azÞ
1þ bTPAIð0; tÞLeff

; (4)

where I(0, t) is the pump intensity at the input of the wave-

guide, a stands for the linear propagation loss accounting for

both scattering and SPA losses, and Leff is the effective

length (see Table I). In the low-power regime, the carrier

generation rate g(z, t) is independent of the carrier density

itself, and therefore, Eq. (3a) is solved as

Nðz; tÞ ¼ e�
t

sc

ðt

�1
gðz; t0Þet0

sc dt0: (5)

Since the measurements are taken at the end of the wave-

guide, we in fact observe the longitudinally averaged carrier

density, �N , given by20,21

�NðtÞ ¼ 1

L

ðL

0

Nðz; tÞ dz

¼ e�
t

sc

ðt

�1

1

L

ðL

0

gðz; tÞ dz

" #
e

t0
sc dt0: (6)

This expression involves taking the spatial average of the gen-

eration rate g(z, t), which based on Eq. (3b) requires taking

the spatial average of the intensity �IðtÞ ¼ ð1=LÞ
Ð L

0
Iðz; tÞ dz

and of its square I2ðtÞ ¼ ð1=LÞ
Ð L

0
I2ðz; tÞ dz. Using Eq. (4),

these averages can be calculated analytically leading, how-

ever, to cumbersome expressions. We therefore present in

Table I the results for �IðtÞ and I2ðtÞ only up to second order in

the input intensity I(0, t), which we verified to be valid in the

power range in Fig. 2. With that, the carrier density from

Eq. (6), evaluated at t¼ t0, becomes

�Nðt0Þ ¼ e�
t0
sc

ðt0

�1

aSPA

�hx
�Iðt0Þ þ bTPA

2�hx
I2ðt0Þ

� �
e

t0
sc dt0: (7)

Using the expressions for �IðtÞ and I2ðtÞ in Table I, the remain-

ing time integration in Eq. (7) is easily performed assuming a

Gaussian input pulse Ið0; tÞ ¼ I0 exp ð�t2=2r2Þ, with I0 its

peak intensity and tFWHM ¼ 2r
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2
p

. Implicit time convolu-

tions in Eq. (7) for I(0, t) and I2ð0; tÞ lead to the definition

of the time constants, s1 and s2, in Table I. For the measurement

time t0 verifying that tFWHM < t0 < sc, we have made

the approximation that
Ð t0
�1 exp ð�nt2=2r2Þexp ðt=scÞdt �

2
Ð 0

�1 exp ð�nt2=2r2Þexp ðt=scÞdt for n¼ 1 and 2. Finally, in

most cases, it is convenient to express the carrier density not in

terms of the intensity but in terms of the input peak power

P0, which is related to I0 and the effective area Aeff through

P0¼ I0Aeff. We use the definition of the propagating mode

effective area as26,27 Aeff ¼ ð
Ð

SzdaÞ2=
Ð

S2
z da � 0:11 lm2

(where Sz is the z-component of the mode Poynting vector).

With that, the averaged carrier density �N can be expressed as a

function of input peak power P0 as in Eq. (2), with coefficients

a and b presented in Table I. Using the values obtained for a
and b in the experimental fitting of Fig. 2 and the expressions in

Table I, our measurements reveal a TPA coefficient of

bTPA¼ (1.5 6 0.1) cm/GW that is significantly higher than the

values usually reported for bulk (0.4 – 1.2 cm/GW) at

1550 nm,12–14 and an SPA coefficient of aSPA¼ (1.9 6 0.1) m�1,

equivalent to a linear loss of approximately 0.1 dB/cm.

To validate that the measured TPA and SPA coefficients

correctly describe carrier generation for higher pump power

levels, we compare the measured carrier densities with

numerical results obtained by a 1D finite difference approxi-

mation.24 Since the numerical modeling accounts for FCA-

induced pump depletion, its accuracy is not limited to low

power levels. Figure 3 shows the experimental data along-

side with simulation results that consider both TPA and

SPA, revealing that indeed the measured coefficients accu-

rately describe the carrier generation up to 1 W. Figure 3

also shows simulation results accounting for each generation

mechanism independently. By direct inspection, three differ-

ent regions can be identified: (I) a low-power region where

almost the totality of carriers is generated through SPA, and

TPA can be disregarded; (II) a broad region where both

mechanisms are significant; and (III) a high-power regime

where TPA of the pump is dominant, with SPA being negli-

gible. Even if the power ranges defining each region are

subjective and dependent on the particular application,

we include two delimiters (discontinuous vertical lines) in

TABLE I. List of expressions.

Symbol Expression

Leff
1�exp ð�azÞ

a

Leff,2
1�exp ð�2azÞ

2a

�IðtÞ Ið0; tÞ Leff

L ½1�
bTPAIð0;tÞLeff

2
�

I2 ðtÞ I2ð0; tÞ Leff;2

L

sn½n ¼ 1; 2�
Ð 0

�1 exp � nt2

2r2

� �
exp t

sc

� �
dt

a 2aSPAs1

�hxAeff

Leff

L exp �t0
sc

� �
b bTPAs2

�hxA2
eff

Leff ;2

L �
aSPAL2

eff

L

� �
exp �t0

sc

� �
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Fig. 3(a) corresponding to the power levels at which 90% of

the total carriers are generated assuming SPA only (�5 mW)

and TPA only (�300 mW).

Both the low-power analytical approach and extended-

range numerical simulations lead to a TPA coefficient that is

higher than the value typically reported for bulk silicon at

1550 nm. In order to further confirm that such a high TPA

coefficient is not a consequence of an error in the estimation

of the pump power level coupled into the waveguide, we per-

formed pump transmittance measurements in both directions,

which are shown in Fig. 4. On the one hand, the good agree-

ment between forward and backward transmittances is nota-

ble, verifying that both input and output coupling losses

were correctly accounted for.18 On the other hand, the mea-

sured TPA and SPA coefficients explain correctly the power

depletion experienced by the pump, as can be seen from the

matching between simulation and experimental results.

There are two key observations from our experiments:

first, an increased value of the effective TPA coefficient of

the guiding structure with respect to bulk; and, second, a

non-negligible SPA that is important not only at very low

power levels but also at moderate powers. An enhanced

effect of TPA has been observed in photonic crystal

waveguides with very low group velocities,24,28 and an ele-

vated value of the TPA coefficient has also been measured in

nano-waveguides, however only for wavelengths longer than

1775 nm.19 Theoretically, several previous works have dis-

cussed the enhancement of nonlinearity in tight confinement

waveguide structures.23,26,27,29,30 In particular, Afshar

et al.27 discuss how this enhancement can be understood in

terms of the material’s nonlinear coefficients (suitably aver-

aged over the waveguide cross-section), the mode’s group

velocity, and the definition of the effective area (either in

terms of the Poynting vector area, which we used here, or in

terms of the electric field intensity area—these two defini-

tions being related implicitly by the group velocity). Taking

these effects into account, theoretically, the nonlinearity

enhancement relative to bulk is �20%. Our observation of

bTPA¼ (1.5 6 0.1) cm/GW is therefore in agreement with

the high-end of the values previously reported in bulk or in

much larger cross-section waveguides,12–17 which are

between 0.4 and 1.2 cm/GW for 1550 nm.

In conclusion, we simultaneously characterized linear

and nonlinear optical carrier generation at 1550 nm in silicon

fully etched nano-waveguides with silicon dioxide cladding.

Pump-and-probe experiments reveal a TPA coefficient as

high as (1.5 6 0.1) cm/GW and an SPA coefficient of

(1.9 6 0.1) m�1. The combination of an elevated effective

TPA and non-negligible SPA leads to carrier densities larger

than expected, which can have a significant impact on devi-

ces and phenomena based on free-carrier effects in silicon

photonics. Furthermore, the experiments show that, at this

wavelength window, carrier generation via SPA cannot be

neglected up to �300 mW.
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