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This work demonstrates all-optical intensity modulation 
in integrated optical polymer waveguides doped with Si 
nanocrystals. The modulation here is based on free 
carrier absorption of 1550 nm probe signal in Si 
nanocrystals with excited carriers. Optical 405 nm pump 
was used to increase free carrier concentration. By 
applying pulsed pump excitation, -1.55 dB deep intensity 
modulation was achieved in 5 mm long waveguides. The 
modulation bandwidth is limited to few kHz due to 
excited carrier relaxation time (τ ~ 100 μs). 
Demonstrated all-optical reconfigurable polymer 
waveguides are a promising potential alternative to 
thermo-optical switches. 

OCIS codes: (160.5470) Polymers; (130.0130)  Integrated optics; 
(130.5460) Polymer waveguides; (040.6040) Silicon. 

http://dx.doi.org/10.1364/OL.99.099999 

Since a demonstration of room temperature photoluminescence 
from quasi-direct bandgap nanostructured silicon, this material 
was proposed to be a perfect candidate for active integrated Si 
photonics componentry [1]. Many efforts were taken to develop 
optoelectronic integrated circuits based on Si nanocrystals in oxide 
matrix [2]. Several groups report Si NC based light emitters [3], 
intensity modulation in Si NC doped silica microring resonators 
[4], four wave mixing [5] and other non-linear effects [6]. The 
fabrication process of Si NCs in oxide thin film is fully CMOS 
compatible, however, is quite complex, yields poor quality NCs and 
lacks matrix conductivity [7]. At the same time, free-standing Si 
NCs synthesized via chemical methods demonstrate quantum 
yields (QY) up to 65% high (oxide-embedded ones are typically 
10-15%), do not require expensive plasma deposition equipment 
and can be fabricated in large volumes [8]. In order to develop 
highly efficient Si NC based integrated optical devices, we 
introduced chemically synthesized high quality Si NCs into 
transparent polymer matrix [9, 10]. Together with low cost and 
easy processability of polymers, such hybrid material can 

potentially bring a range of high performance polymer photonic 
integrated circuits (PICs) with both passive and active 
functionality. In this work, we demonstrate all-optical intensity 
modulation in poly(methyl methacrylate) (PMMA) waveguides 
doped with Si NCs. 

Here, an intensity modulation of optical signal is achieved with 
free carrier absorption (FCA) effect [11]. Related works shows 
notable signal quenching by free carriers in Si NCs generated by 
optical excitation [12, 13]. By pumping Si NCs, a concentration of 
excited carriers is increased, therefore, more probe signal photons 
are absorbed. An optical excitation was chosen here due to 
dielectric behavior of host polymer. Also, all-optical circuits are 
getting more attention as high speed signal processing elements. 

FCA loss coefficient is expressed with the following equation: 

αFCA = σFCA × Nexc = - 1
ΓL

(Pprobe with pump
Pprobe w/o pump 

)                  (1) 

where σFCA is a free carrier absorption cross-section, Nexc is a 
number of excited free carriers, Γ is an optical mode confinement 
factor, L is a waveguide length, Pprobe with pump and Pprobe w/o pump are 
output signal powers with and without pump excitation, 
respectively. Under optical excitation, the probe signal photons are 
absorbed by generated electron-hole pairs to promote electrons to 
higher energy levels in the conduction band of Si NCs. 

Active polymer/Si nanocrystal material was prepared by 
dissolving PMMA powder (950k, Sigma Aldrich) in toluene 
(99.5%, Sigma Aldrich) and by adding alkyl-passivated Si NC 
toluene colloid [14]. The average size of Si NCs used here is ~5 nm. 
The amount of Si NCs with respect to solid PMMA is 0.1% by mass. 
Next, prepared PMMA/Si NC solution was spin coated on Si 
substrate with 10 μm thermal oxide layer, which serves as a 
cladding. Spin-coated active polymer layer is then soft-baked on a 
hotplate at 140° C for 2 minutes, yielding 2.5 μm thick layer. 
Waveguides were patterned with electron beam lithography 
(Raith 150, 25kV acceleration voltage). Waveguide cross-section 
dimensions were chosen to be 3 μm in width and 2.5 μm high, 
based on numerical modelling. 



 

Fig. 1.  Photoluminescence optical microscopy image of prepared 
waveguides, Si NCs emit red to near infrared under UV light excitation. 

Inset shows  electromagnetic field distribution simulation. 

 
Finite element method (FEM, COMSOL Multiphysics) mode solver 
ensures single mode light propagation and ~90% power 
confinement in a waveguide (Figure 1, inset). After wet 
development and chip cleavage PMMA/Si NC waveguides are 
available for characterization (Figure 1). Several parameters were 
evaluated: free carrier relaxation dynamics in Si NCs, 
photoluminescence (PL) spectrum, passive propagation losses, 
pump power dependent FCA losses, modulation speed. 

Time-resolved PL intensity measurement was done to evaluate 
excited carrier decay times [15]. The active waveguide material 
was excited with 405 nm laser until photoluminescence reached 
steady state and then pump was switched off. For given PMMA/Si 
NC material, free carrier relaxation time is > 100 μs (Figure 2). 
Both PL lifetime and spectrum of Si NCs did not experience 
significant change after transfer from colloid to solid matrix, 
indicating optical stability of Si NC encapsulation process. 

 

Fig. 2.  Photoluminescence decay curve of PMMA/Si NC hybrid 
material. Inset shows photoluminescence spectrum. 

 
Next, waveguide performance was evaluated with a photonic 

probe station. Pump-and-probe setup was assembled to study 
time-resolved FCA modulation (Figure 3).  

 

Fig. 3.  Pump-and-probe setup for active waveguide characterization 

 
1550 nm probe signal from a fiber coupled diode laser was 
launched into integrated waveguides and collected with a lensed 
fiber. Input light polarization was kept at TE state with a 
polarization controller. Waveguides were excited from a free space 
with CW 405 nm laser, a stripe-shape ~100 μm wide pump spot 
was obtained with a cylindrical lens. A mechanical chopper was 
used to modulate a pump into 50/50 duty cycle pulses with a 
repetition rate up to 4 kHz. The output probe signal was collected 
and delivered to a fiber-coupled photodetector connected to an 
oscilloscope for time-resolved measurements. Passive waveguide 
propagation losses of ~1.8±0.2 dB/cm (TE mode) were obtained 
with a cut-back method. Next, pump powers from 10 mW/cm2 to 
100 mW/cm2 were applied to analyze FCA induced loss in 5 mm 
long waveguides (Figure 4). 

 

Fig. 4.  Pump power dependent modulation depth with linear fit 
applied. 

 
The probe signal quenching linearly increases with pump 

power, consistent with equation 1, and reaches -1.55 dB 
modulation depth at 100 mW/cm2 excitation. 

Dynamics of the probe signal recovery are well-correlated with 
previously measured excited carrier relaxation time (Figure 5). 
Signal drops to it´s minimum in ~75 μs and recovers to initial state 
in ~125 μs. Thus, obtained switching speed is in the range of few 
kHz. The relaxation time is the major modulation bandwidth 
limiting factor here, since free carriers cannot be extracted due to 
dielectric matrix. As a future work, conductive polymers could be 
applied.  



 

Fig. 5.  Signal intensity modulation with 100 mW/cm2 pump power at 
4 kHz pulse rate. 

 
From the experimental data αFCA as high as 1.6 cm-1 is obtained, 

which is a promising result since close αFCA values were reported 
for inorganic waveguides with 6-27% Si NC mass concentration, 
while we studied only 0.1% [12, 13]. 

In summary, novel all-optical modulator based on PMMA 
waveguides doped with Si NCs is presented. In the discussed active 
waveguides, the probe signal is absorbed by excited carriers in Si 
NCs, therefore, modulation effect is achieved by applying pulsed 
optical pump. The modulation depth was measured at pump 
powers ranging 10 mW/cm2 to 100 mW/cm2 and reached -1.55 
dB in 5 mm long devices. 1.6 cm-1 high FCA loss coefficient was 
obtained, which is a promising result considering higher Si NC 
concentrations are possible to implement. A maximum 
modulation speed was determined to be few kHz, where free 
carrier relaxation time in Si NCs is a limiting aspect. Demonstrated 
active waveguides broaden a functionality of low-cost polymer PIC 
platform suitable for various applications. 
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