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Photoluminescence (PL) from Si nanocrystals (NCs) excited by two-photon absorption (TPA) has

been observed in Si nanocrystal-based waveguides fabricated by plasma enhanced chemical vapor

deposition. The TPA excited photoluminescence emission resembles the one-photon excited

photoluminescence arising from inter-band transitions in the quantum confined Si nanocrystals. By

measuring the non-linear transmission of waveguides, a large TPA coefficient of b up to 10�8 cm/W

has been measured at 1550 nm. These values of b depend on the Si NCs size and are two orders of

magnitude larger than the bulk silicon value. Here, we propose to use the TPA excited visible PL

emission as a tool to map the spatial intensity profile of the 1550 nm propagating optical modes in

multimode waveguides. In this way, multimode interference has been revealed experimentally and

confirmed through a finite element simulation. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913440]

Non-linear silicon photonics is a rapidly emerging field

drawing significant attention due to the possibility of

all-optical signal processing employing the existing mature

planar Si technology.1–3 Si photonics involves also the devel-

opment of new materials to enable functions for which sili-

con is not ideal. Silicon rich silicon oxide (SRO) matrix

containing Si nanocrystals (Si NCs) is one of these materials,

which has already shown interesting applications.4–6 Owing

to the significant optical nonlinearities, Si NCs can be chosen

as active material in non-linear photonic devices such as

switches, routers, and wavelength converters.7–9 Several

papers have reported a third order non-linearity vð3Þ of Si

NCs larger than that of bulk silicon, which is explained by

both quantum confinement and dielectric mismatch phenom-

ena.10,11 Specifically, the third order non-linearity can be

described by two parameters: the coefficient of non-linear

refraction (n2) and the coefficient of non-linear absorption

(b). Therefore, under intense optical excitation, one can

write: n ¼ n0 þ n2I, where n0 being the linear refractive

index and I is the intensity of the laser beam, and

a ¼ a0 þ bI, where a0 being the linear absorption coeffi-

cient. The imaginary part of vð3Þ is related to b by12

Im v 3ð Þ
h i

¼ 4n0c

3x0

b; (1)

where x0 is the laser frequency and c is the light velocity in

vacuum.

Specifically, the main contributions to the nonlinear

absorption come from two-photon absorption (TPA), excited

free carrier absorption and defect-induced absorption. Even

though these non-linear absorptions are often considered to

be limiting factors, they can be also employed to enable

certain functional devices.13–17 Here, we want to show that

TPA allows monitoring the spatial profile of optical modes

in waveguides.

With this goal, we studied the non-linear two-photon

absorption in single mode and multimode Si NC waveguides.

By pulse transmittance measurement through single mode

Si NC waveguides, we extract the two photon absorption

coefficients and demonstrate TPA-induced photolumines-

cence (PL) due to inter-band transition in Si NC. Finally, we

demonstrate that the TPA induced emission can be used to

map the multimode interference (MMI) phenomena in opti-

cal waveguides.

The SRO layer was deposited on oxide coated Si wafer

using plasma enhanced chemical vapor deposition (PECVD)

followed by an annealing at 1150 �C to allow the formation

of Si NCs. Sintering at 420 �C in the presence of H2 was car-

ried out for some wafers with a view to reducing the non-

radiative defects via hydrogen passivation. Table I summa-

rizes the different properties of the samples. Waveguides

with a typical height of 235 nm and various widths

(1–10 lm) were defined by optical lithography and reactive

ion etching. Finite element simulation (COMSOL) yields:

1.5 lm wide waveguides are single mode, while 5–10 lm

wide waveguides are multimode at 1550 nm. One photon

excited PL was studied by surface emission using a 473 nm

continuous laser and a Chromex monochromator equipped

with a visible-light streak camera. In order to study the TPA

in the waveguides, we used a Katana HP 1550 nm laser with

a pulse duration of 35 ps at different repetition rates, allow-

ing thus to change both the average as well as the peak

powers. Polarizing beam splitter cube along with a k/2 plate

were used in line of Katana HP to vary the transmitted power

through the beam splitter. A hollow core fiber was used to

couple the pulsed 1550 nm pump in the waveguide. The

transmitted signal was collected through a tapered lens fiber
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and analyzed by an optical spectrum analyzer. TPA induced

PL emission was collected from the top of the waveguides

by a visible Basler Scout camera for imaging purposes. To

analyze the luminescence spectra, we have used a �20

objective to collect the emission, which are reflected by a

mirror and sent through a system of lenses to the Chromex

monochromator equipped with a visible-light streak camera.

To estimate b, the nonlinear transmission in single mode

waveguides with TE polarized light has been studied.

Transmission has been analyzed by using18

Pin

Pout
¼ ea0LLef f

Aef f
b

 !
Pin þ ea0L; (2)

where Pin is the input signal peak power, Pout is the transmit-

ted signal peak power, Lef f ¼ ð1� e�a0LÞ=a0, L is the wave-

guide length, and Aef f is the effective mode area of the

waveguide, which is computed by COMSOL simulation.

Fitting of Pin=Pout as a function of Pin yields b and a0.

Figures 1(a) and 1(b) show Pout vs. Pin as well as

Pin=Pout vs. Pin with the linear fits by Eq. (2) for the G10 and

G15 sintered waveguides. Results for b are tabulated in

Table I. These values are within the range of reported b val-

ues, which are in the range of 10�7–10�8 cm/W for 813 nm

60 fs laser7 and of 10�6–10�7 cm/W for 1550 nm 4 ns laser

for 1250 �C annealed samples.8,9,19,20 It can be noted that the

lower is the Si excess content in the waveguide, i.e., the

smaller the Si NC size, the lower is the b value. By using

Eq. (1) for the known values of b, the imaginary part of the

third order nonlinear susceptibility Im½vð3Þ� has been

estimated to be of the order of 10�12–10�14 cm2/W (see

Table I).

Figure 2(a) shows the one photon excited photolumines-

cence spectra of the various samples. According to expecta-

tions, the PL spectra of the low Si content G15 sample is

blue shifted compared to the high Si content G10 sample.

Since the hydrogen passivation does not markedly alter the

Si NC, the PL line-shape is not changed from the sintered to

the non-sintered sample. The only effect is the increase of

the PL intensity (not shown here) owing to the passivation of

non-radiative defects. The PL spectra explain the different

TPA coefficients observed in the waveguides: The spectral

emission region of the G10 waveguide is entirely lower than

twice the input signal energy allowing TPA, while this is not

verified for the G15 waveguides. This observation is con-

firmed by TPA excited photoluminescence measurements.

When the Si NC waveguides are pumped by a 1550 nm pico-

second laser, two photon absorption excites electrons in Si

NC. The excited electron relaxes quickly to the minima of

the excited state band and decays to the ground state either

by photon emission or by a non-radiative process. Figure

2(b) shows the schematic diagram of the setup used to collect

TPA assisted PL emission from the top of the Si NC wave-

guides. A comparison of the one photon excited PL and of

the TPA excited PL spectra for G10-sintered waveguides is

shown in Fig. 2(c). A small red-shift (�60 meV) is observed

which can be associated to resonant pumping effects.21

It is well known that a technique to measure the propa-

gating losses in a waveguide is to monitor the attenuation of

the scattered signal light along the waveguide.12 This method

is based on the assumption that the scattered intensity is

directly proportional to the intensity of the propagating sig-

nal. Here, we make a similar assumption by assuming that

the TPA excited PL scattered in a specific point of the

TABLE I. Sample parameters.

Sample

N2O(sccm)/SiH4

(sccm)

PL peak

energy (eV)

Refractive index

at 1550 nm

Propagation loss,

a0 using cut-back

method (dB/cm)

Propagation loss,

a0 calculated from

nonlineartransmission

(dB/cm)

Two-photon

absorption

coefficient,

b (cm/W)

Im½vð3Þ�
(cm2/W)

G10-sintered 920/92 1.51 1.897 4.0 6 0.2 5.1 6 0.1 (4 6 2)� 10�8 (3 6 1)� 10�12

G10 non-sintered 920/92 1.51 1.897 3.4 6 0.2 7.7 6 0.1 (4 6 1)� 10�8 (3 6 1)� 10�12

G15-sintered 920/65 1.62 1.705 26 6 1 23 6 2 (3 6 3)� 10�9 (2 6 2)� 10�13

G15 non-sintered 920/65 1.66 1.705 22 6 1 20 6 2 (1 6 1)� 10�9 (7 6 5)� 10�14

FIG. 1. (a) Pout (disks) and Pin=Pout(black squares) vs. Pin for the 1.5 lm

wide G10-sintered waveguide. The continuous line is a fit of the data with

Eq. (2). (b) The same for the G15-sintered waveguide.

071109-2 Manna et al. Appl. Phys. Lett. 106, 071109 (2015)
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waveguide surface is proportional to the intensity of the

pump signal in that point and it is not due to PL excited else-

where which has propagated in the waveguide. In fact, at the

emission wavelengths, losses as high as 60 dB/cm are char-

acteristics of Si NC waveguides22 or microdisk resonators.23

In this way, by mapping the TPA excited PL at 800 nm, it is

possible to map the signal intensity profile at 1550 nm with

an improved spatial resolution due to the shorter wavelength

of the PL. We do apply this method to map the beating

between different modes in a multimode waveguide.

Measurements have been performed by imaging the surface

of the 5 and 10 lm wide multimode Si NC G10-sintered

waveguides through a 20� objective on a visible camera.

Results are reported in Fig. 3.

Figure 3(c) shows the visible image of the TPA induced

PL emission from the 10 lm G10-sintered waveguide. Clear

oscillations in the signal are observed, which are even more

evident in the high magnification image in Fig. 3(d). Figure

3(a) shows the integrated TPA excited luminescence inten-

sity versus the position. It is observed that the intensity

decreases with the distance due to the signal depletion

caused by the nonlinear absorption, weak undulation on the

decreasing line are also visible. These become clear oscilla-

tions if we integrate the TPA excited PL only in the center of

the waveguide (Fig. 3(b)). Oscillations are due to the inter-

ference of the propagating optical modes in our multimode

waveguide. TPA tracks this multimode interference pattern

and so also the TPA excited PL intensity.

Figures 3(e)–3(h) report the same information for the

5 lm wide multimode G10 sintered waveguide. A compari-

son with the multi-mode interference pattern simulated

by using COMSOL for this specific waveguide is shown in

Fig. 3(i). In simulation, we neglected losses. The agreement

between the measured mode profile and the simulated one is

FIG. 2. (a) Normalized one-photon excited photoluminescence spectra of

the various Si NC samples excited by a CW 473 nm pump. The grey region

shows the region which has an energy lower than two times the energy of

1550 nm photons. (b) Schematic diagram of the setup used for the collection

of TPA assisted PL emission from the Si NC waveguides. (c) Comparison

between one-photon and two-photon excited PL from the G10-sintered

waveguides. The vertical dashed line is twice the energy of 1550 nm pho-

tons. Note that the onset of the TPA excited PL is about one TO phonon

energy higher than twice the energy of 1550 nm photons.

FIG. 3. (a) Integrated intensity profile of the TPA excited PL as a function

of the position in the waveguide. Data refer to the 10 lm wide G10-sintered

waveguide. (b) Integrated intensity profile of the TPA excited PL as a func-

tion of the position when a line scan through the center of the waveguide is

performed. (c) TPA excited PL image of the waveguide. (d) Same as (c) but

with an increased magnification. The bar refers to the beat length. (e)

Integrated intensity profile of the TPA excited PL as a function of the wave-

guide position. Data refer to the 5 lm wide G10-sintered waveguide. (f)

Integrated intensity profile of the TPA excited PL as a function of the

position when a line scan through the center of the waveguide is performed.

(g) TPA excited PL image of the waveguide. (h) Same as (g) but with

an increased magnification. The bar refers to the beat length. (i) COMSOL

simulation for the 5 lm waveguide.
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remarkable. It is noteworthy that we have not shown the sim-

ulation for 10 lm. Compared to the 5 lm waveguide, 10 lm

waveguide has larger beat length of MMI (149 lm); so we

tried to simulate for this length as well as more also. But

even for 149 lm, with our workstation, it is impossible to

simulate the system because of the huge amount of memory

required.

The experimental beat note data have been extracted

by performing a Fast Fourier Transforms (FFTs, shown in

Fig. 4) of the integrated spatial profiles of the TPA-PL emis-

sion. In the case of the 10 lm waveguide (Figs. 4(a) and

4(b)), one can easily recognize how the beat note emerges

(Fig. 4(b), spatial period of 135.61 lm) over the rest of the

peaks (Fig. 4(a), FFT of Fig. 3(a)), when only the center of

the waveguide is considered (Fig. 3(b)). This behavior is not

as evident when the FFT of the 5 lm is analyzed (Figs. 4(c)

and 4(d) corresponding to the FFT of the plots of Figs. 3(e)

and 3(f), respectively). This is due, on one side, to the lack

of high order modes that causes a reduction of the order of

the created fold images. As a result, the mirror image (at a

special frequency of 34.03 lm) is not as evident. On the

other side, defects in the fiber-waveguide coupling cause

unbalance of the mode excitation. This yields spatial oscilla-

tions in the PL emission image (Figs. 3(a), 3(d) and 3(e),

3(h)). Such a zig-zag pattern impacts more for the small

waveguide, inducing spurious peaks in the FFT analysis.

The beat length of the two lowest order modes in a

multimode waveguide follows the relation:24

Lp ¼
p

b0 � b1

’ 4nrw
2
e

3k0

; (3)

where bt (mode number: t ¼ 0; 1) are the mode propagation

constants, nr is the effective index, we is the waveguide

width, and k0 is the wavelength. For the 10 lm wide wave-

guide, Eq. (3) yields Lp¼ 149 lm, while from the images we

extract 135.61 lm. For the 5 lm wide waveguide, Eq. (3)

gives Lp¼ 41 lm, while experimental Lp¼ 34.03 lm.

Neglecting the higher order modes in the above equation

might explain the difference between experiments and

theory. Shortening of the beat length in the narrower wave-

guide follows self-imaging effect characteristics of MMI.

In conclusion, we have proposed a method to use TPA

induced PL to map the spatial multimode interference profile

of a Si NC waveguide. The proposed method can be used for

other material systems provided that luminescence can be

excited by TPA. So, to characterize non-linear TPA, b (TPA

coefficient) has been calculated utilizing the transmittance

measurement through the Si NC waveguides. Calculated val-

ues of b corresponding to 1550 nm wavelength are of the

order of 10�8–10�9 cm/W, which is more than one order

compared to the bulk silicon. We have noticed a change in

b as the Si content varies, indicating that the band detuning

is responsible for efficient two photon absorptions. For the

5 lm and 10 lm waveguides, the beat lengths of MMI

pattern have been found to be 34.03 lm and 135.61 lm,

respectively, agreeing well with the theoretical beat lengths.

COMSOL simulated MMI pattern of 5 lm waveguide

matches well with the experimental one. Scanning near

field optical microscopy (SNOM) can be exploited also to

map the spatial profile of TPA-PL emission from the top of

the waveguide. But characterizing by SNOM could be more

difficult compared to our current method since SNOM is

limited by very short working area and extremely shallow

depth of field, which requires quite long scan time if the

sample area is large or meant for high resolution imaging.

However, SNOM has a higher spatial resolution compared

to our technique.

This work was financially supported by the ITPAR

project funded by the Indian DST and the Italian MAE, and

by the SIQURO project funded by Provincia Autonoma di

Trento. We acknowledge the help of Alessia Guerriero in

imaging processing. M.G. and G.P. acknowledge the support

FIG. 4. (a) FFT pattern of the spatial

intensity profile of Fig. 3(a) for the

10 lm waveguide, (b) FFT pattern of

the spatial intensity profile of Fig. 3(b)

for the 10 lm waveguide, (c) FFT pat-

tern of the spatial intensity profile of

Fig. 3(e) for the 5 lm waveguide, (d)

FFT pattern of the spatial intensity pro-

file of Fig. 3(f) for the 5 lm

waveguide.
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