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Abstract:  We present a detailed investigation of the different processes 
responsible for the optical nonlinearities of silicon nanocrystals at 1550 nm. 
Through z-scan measurements, the bound-electronic and excited carrier 
contributions to the nonlinear refraction were measured in presence of two-
photon absorption. A study of the nonlinear response at different excitation 
powers has permitted to determine the change in the refractive index per 
unit of photo-excited carrier density σr and the value of the real bound-
electronic nonlinear refraction n2be as a function of the nanocrystals size. 
Moreover at high excitation power, a saturation of the nonlinear absorption 
was observed due to band-filling effects. 
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1. Introduction  

The advent of silicon photonics urges to find new nonlinear photonic materials to implement 
various key optical devices such as switches, routers, wavelength converters, etc…, which are 
to be silicon-compatible. Silicon nanocrystals (Si-nc) have the potentiality to play the role of 
the active material in such devices since they show relevant optical nonlinearities [1, 2] and 
are suitable for integration in silicon photonics since their fabrication is compatible with 
CMOS technology [3]. Recently published works, highlighted the peculiarity of Si-nc to have 
both low linear absorption and high nonlinear refraction properties and proposed to use Si-nc 
as active nonlinear elements in switching devices [4-6]. As most of the research on the 
nonlinearities in Si-nc has been performed at short wavelengths [1], the purpose of this paper 
is to carry out the first systematic investigation of the nonlinear properties of Si-nc at the 
technologically relevant 1550 nm wavelength. In particular, the correlation of the nonlinear 
response to the structural parameters of the material is studied. In addition, a great attention is 
devoted to the mechanisms involved in the nonlinear response, in order to isolate the effect of 
each different contribution. 

2. Experimental details 

Silicon rich silicon oxide (SRSO) films were deposited by plasma enhanced chemical vapor 
deposition (PECVD) on a quartz substrate using N2O and SiH4 as precursor gases [2]. Four 
series of samples were deposited having silicon excess of 5, 8, 20 and 24 at. % as determined 
by XPS (X-Ray Photoelectron Spectroscopy) measurements. After the deposition, a 1 hour 
long annealing treatment was performed in N2 at three different temperatures (800, 1100 and 
1250 °C). Consequently, Si-nc were developed. Depending on the annealing temperature, the 
size and the crystalline state of Si-nc varied: it is well known that the increase of the annealing 
temperature determines the increase of the size and the crystallization of Si-nc [7-9]. Energy-
filtered transmission electron microscopy (EFTEM) measurements allowed to evaluate the Si-
nc average diameters being 4.8, 3.9 and ~1 nm for the samples with a silicon excess of 24, 20 
and 8 at. %, respectively, and annealed at 1250°C [2]. The structural parameters, such as the 
linear refractive index n0, the extinction coefficient k and the thickness L, were determined by 
the ellipsometric technique and are reported in Table 1 for the as-deposited samples.  

The nonlinear coefficients of Si-nc were measured by the Z-scan technique [10]. The 
light source was an optical parametric generator (OPG) pumped by an amplified Ti:Sapphire 
laser system at a 1-kHz repetition rate with 100-fs long pulses at 1550 nm. We resorted to 
such a source to measure the fast nonlinear response of the material and to avoid thermal 
lensing effects which might arise from high repetition rate and/or long pulse duration [11]. 
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Table 1. Linear parameters at 1550 nm with respect to the Silicon excess (Siexc).  n0 refers to the 
linear refractive index, k to the extinction coefficient, α to the absorption coefficient and L to 

the sample thickness. 
 

Sample Siexc (at. %) n0 k α (cm
-1

) L (nm) 

A 5 1.46 <10-5 0.81 660 

B 8 1.54 <10-5 0.81 590 

C 20 1.81 <10-5 0.81 559 

D 24 1.89 <10-5 0.81 522 

 
To take into account the substrate contribution, two reference samples were measured: a 

300-µm thick crystalline SiO2 sample and a 2-mm thick amorphous SiO2 sample. The 

measured n2 values were ( ) 16 21.8 0.25 10 cm /W−± × and ( ) 16 22.3 0.8 10 cm /W−± ×  for the 

crystalline and for the amorphous samples, respectively, in agreement with the literature data 
[13, 14]. The phase shift due to the SiO2 substrate was subtracted from the measured one by 
using the procedure known in literature for multilayered structures [15]. 

Z-scan was performed both in closed and open aperture configurations (Fig. 1 and 2). To 
analyze the z-scan trace in closed aperture configuration and extract the nonlinear coefficients, 
we used the equation reported in [12] providing the transmittance Tcl of the sample: 

                               
( )

( )( ) ( )( )

2

2 2 2 2

3 8
1 4 .

9 1 9 1

x x
T B

x x x x

ϕ+ ∆
= − +

+ + + +
                 (2) 

Where ϕ∆  is the nonlinear phase shift, B is related to β , the non linear absorption 

coefficient, 
0

zx
z

=  is the ratio between the position of the sample z and the Rayleigh length 

z0. 

The nonlinear refractive index 2n  is related to ϕ∆ and β  is related to B  by the usual 

formula [11]: 
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Where α  is the linear absorption coefficient at the wavelength λ , 
(1 )L

eff

e
L

α

α

−−
=  is 

the effective length, L is the sample thickness and 0I  is the peak intensity. For open aperture 

z-scan measurements, we used [12]: 

                                                
2

1 .
1

op

B
T

x
= −

+
                                           (4) 

It should be noted that the value of B extracted by the closed aperture scan is coincident 
with the one extracted by the open aperture scan, within the error bars (see analysis reported 
in Fig. 1 and 2). 
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Fig. 1. Closed aperture z-scan trace recorded from sample A annealed at T = 800°C and excited 
at I0= (1.05±0.4)x1012 W/cm2.. The beam waist was measured by knife edge technique and was 
w0=23 µm. The red curve is the result of the fit with Eq. (1). From the fit we obtained a total 
nonlinear phase shift (quartz substrate and Silicon nanocrystals layer) ∆φ= (0.72±0.02) and a 
nonlinear absorption parameter B=0.08±0.01. The resulting nonlinear refractive index is n2= 
(1.03±0.4) x10-13 cm2/ W and nonlinear absorption is β= (4.4±1.5)x10-10 cm/W. 
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Fig. 2. Open aperture z-scan trace recorded from sample A annealed at T = 800°C, and excited 
at I0=(9±3)x1011 W/cm2.  The red curve is the result of the fit with Eq. (4). From the fit we 
obtained the total nonlinear absorption (quartz substrate and Silicon nanocrystals layer) 
B=0.06±0.01, the resulting nonlinear absorption is β= (2.4±0.7)x10-10 cm/ W. 

 
Because the aim of this paper is to determine the sign and magnitude of the nonlinear 

refraction, which can be extracted only via closed aperture z-scan, and in order to reduce the 
number of measurements, we performed only closed aperture z-scan measurements to obtain 
both nonlinear refraction and nonlinear absorption. Figure 3 reports one measurement at low 
power levels with a small phase shift.  

The error bars on the non linear parameters n2 and β  are obtained by propagating the 

errors: 

                                            
( )

( )
0

2 2

0

2
AVE

AVE

P w
n n

P w

ϕ

ϕ

 ∆ ∆ ∆ ∆
∆ = + +  ∆ 

                     (5) 
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where ( )ϕ∆ ∆ is the error on the phase shift arising from the fitting procedure and 
AVE

P∆  is 

the fluctuation of the average power PAVE measured during the z-scan experiment, which is 
directly related to the peak intensity 0I , 0w∆ is the fluctuation of the beam waist . 
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Fig. 3. Closed aperture z-scan trace recorded from sample B annealed at T=1100°C, and 
excited at I0= (2.3±0.8)x1011W/cm2. The red curve is the result of the fit with Eq. (2). From the 
fit we obtain the nonlinear phase shift (quartz substrate and Silicon nanocrystals layer) ∆φ= 
(0.13±0.01) and a nonlinear absorption parameter B~0, the resulting nonlinear refractive index 
is n2= (4±2) x10-14 cm2/ W. 

 
Moreover the z-scan measurements revealed a power threshold, behind which it is not 

possible to record any z-scan trace, and this threshold depends on the sample under study. 
Although the power used for the z-scan measurements can appear extremely high, it is worth 
to note that at 1550nm the linear absorption is very low, as reported in Table 1, and the short 
pulse duration avoids any significant sample damage.  

3. Results 

Figure 4 reports the dependence of n2 on the Si excess in the films for the various annealing 
temperatures and for high and low peak intensities.  

At low peak intensities, n2 does not depend on the silicon content and the annealing 
temperature, while at a high peak intensities n2 decreases as the silicon content and the 
annealing temperature increase. The decrease is so strong to turn n2 negative in some samples. 
We think that this is due to the excited carriers generated by two-photon absorption in Si-nc. 
According to our data, carriers are generated more effectively in samples having higher 
silicon content and annealed at higher temperatures, i.e. the more crystalline ones. Two-
photon absorption processes excite carriers in the Si-nc which, in turn, induce a change of the 
refractive index, an effect well depicted by Kramers-Kronig relations. This contribution to n2 
is referred to as a free carrier effect in bulk materials [13, 19], and show up as a negative 
contribution to the nonlinear refractive index. If we consider this, we can explain why n2 
decreases at high intensities eventually becoming negative. It is worth to note that for a few 
samples the effect is so strong to completely deform the z-scan trace in such a way that no 
reliable data can be obtained. The data of these samples are omitted in Fig. 4. 

Since carrier generated in Si-nc are not free to move, we will refer to it as an excited 
carrier effect. 
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Fig. 4. Nonlinear refractive index measured at a high (top) and a low (bottom) peak intensity as 
a function of the Si excess for different annealing temperatures. The data for the 24% silicon 
excess sample have been omitted in the top plot since this sample shows a distorted z-scan 
trace when pumped at high intensities. In addition, the data for the 5% silicon excess sample 
are absent in the bottom plot since the z-scan trace at low power excitation was too weak to 
extract reliable nonlinear coefficients. 

 
In order to quantify the effects of carrier generation in Si-nc, we used a simple model 

based on a rate equation to compute the carrier density N∆  generated by two-photon 
absorption [16]:  

                                                      
2
0 .

2

IN N

t

β
ω τ

∂∆ ∆
= −

∂ ℏ
                   (5) 

Where 
2
0

2

Iβ
ωℏ

 is the generation term due to two photon absorption, ωℏ  is the photon energy, 

and 100 µsτ =  is the exciton recombination lifetime in Si-nc [17]. The exact value of the 

recombination lifetime is not relevant as long as it is longer than the excitation pulse duration. 
The equation was numerically solved by considering a 100-fs long Gaussian excitation pulse. 

N∆  was used to have an estimation of the excited carrier nonlinear refraction, by using [18]:  
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2 2
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e N
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Ic n m m

λ
π ε

  ∆
= − + 

 
                (6), 

where ε0 is the vacuum permittivity, *
cem  and *

chm  are the effective masses of the electron and 

of the hole respectively, assumed to be the same as in silicon. The results we obtained are 
reported and compared to the experimental data in Table 2 for sample B.  

 

Table 2. Comparison of the experimental results with the simulation data for sample B having a 
8 at. % Si excess and annealed at T = 800°C . The β and n2 values are extracted from the z-scan 

measurements while the last column gives n2exc computed with eq. (6). 

 
I0 

(W/cm2) 

β 

(cm/W) 

n2 

(cm2/W) 

n2exc 

(cm2/W) 

5x1011 6.7x10-9 (4±2)x10-13 -2.06x10-14 

2.15x1012 3.1x10-9 -(2.1±0.9)x10-14 -4.7x10-14 

 
Despite the simplicity of the model, the results are surprisingly in an extremely good 

agreement with the measured data. This clearly shows that at high intensities the nonlinear 
refraction in Si-nc is dominated by excited carrier effects.   
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Fig. 5. Z-scan trace for the sample B, annealed at T=800°C, for different peak intensities (given 
as a label in the plot in unit of 1011 W/cm2). 

 
4. Excited carrier effects 

A study of the nonlinear response of Si-nc as a function of the peak intensity allows 
separating the excited carrier effect from the pure bound-electronic effect, which arises from 
the polarization of the electronic cloud around the atom. Although at high peak intensity the 
phase shift in the transmission trace is quite large and, even, the trace itself is deformed by 
two photon absorption, z-scan analysis can still be applied as discussed in [19]. Unfortunately 
we could carry out this kind of investigation only for a few values of the excess silicon 
content. In fact, in some samples, two photon absorption was so strong to deform completely 
the z-scan trace at high intensities, while in other samples the nonlinear refraction was so 
weak that no signal could be recorded at low peak intensities. As an example, in Fig.5 the z-
scan traces for the sample B, annealed at T = 800°C, are reported. A fitting of the peak-
intensity dependent data with Eq. (2) yields the results reported in Fig. 6.  
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Fig. 6. Nonlinear refraction and absolute value of the nonlinear absorption from sample B 
annealed at 800°C. The data are fitted with Eq. (9) and Eq. (10). 

 
The data show a decrease of both n2 and β as the peak intensity increases. In addition, n2 

changes from positive to negative. This behavior can be explained as follows: at low peak 
intensities, the positive bound-electronic effect dominates the nonlinear response, whereas at 
high peak intensities the nonlinearities due to excited carriers overcome the bound-electronic 
ones. At high peak intensities we can observe a decrease of β, too.  

In order to explain the decrease of β, we propose a phenomenological model. Because of 
the short duration of laser pulses (100 fs) with respect to the typical electron-phonon 
scattering time (~ ps), the nanocrystals effectively behave as a two level system. Therefore, at 
high pumping excitation power, band filling effects can be observed [13]. The saturation in 
the excited carrier population is thus responsible for the bleaching of β (Fig. 6). In addition, 
saturation affects also the nonlinear refractive index, which flattens at high intensities. Similar 
conclusions were reached in a recent study on nonlinear refraction in bulk Silicon at 1.06 µm 
[20]. 

A simple modeling allows separating the bound-electronic from the excited carrier 
contribution to the n2. Let us write the change of the refractive index ∆n as the sum of the 
bound-electronic contribution n2be and of the contribution due to the excited carriers generated 
by two photon absorption [19]: 

                                                     2 0be rn n I Nσ∆ = −                                                     (7), 
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where N is obtained by integrating Eq. (5) and the minus sign accounts for the negative 
contribution of excited carriers to the nonlinear refraction. If we further ignore excited carrier 
relaxation during the pulse excitation (carrier lifetime >> pulse duration), then  

                                                       2 ' '
0( ) ( )

2

t

N I I t dt
β
ω −∞

= ∫
ℏ

                                             (8), 

where I0(t) is the actual pulse temporal lineshape. The nonlinear absorption is expressed in 
terms of the saturation intensity Is [13] as: 

                                                                0
2

0

.

1
s

I

I

β
β =

 
+  

 

                                                     (9). 

If the pulse lineshape is Gaussian, Eq. (8) can be easily integrated and Eq. (7) becomes:   

                                                  0
2 2 2

0 01

r
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s

C In
n n

I I

I

σ∆
= = −

 
+  

 

 (10), 

where 00.14 /FWHMC tβ ω≅ ℏ , with 100FWHMt fs=  the excitation pulse duration and rσ  the 

change in the refractive index per excited carrier [18]. Α fit of the data reported in Fig. 6 by 

Eq. (9) and Eq. (10) allows extracting ( ) 13 2
2 4.8 0.6 10 cm /Wben −= ± × , 

( ) 9
0 7.0 0.6 10 cm/Wβ −= ± × , 12 24.07 10 W/cmsI = ×  and 22 3(1.2 0.3) 10 cmrσ −= ± × . It is 

worth to note that the value of σr is similar to the one reported for other semiconductors [19].  
By using this procedure, we have analyzed the various samples and we were able to 

extract n2be as a function of the Si content and of the annealing temperature as reported in Fig. 
7. 

A trend for n2be can be observed both as a function of the annealing temperature and of 
the silicon excess. In particular, a strong nonlinearity is observed for the sample annealed at 
low temperatures and with low silicon content. Low temperature and low silicon excess lead 
to small Si-nc. This is in agreement with former results reported in literature [1, 2] where 
quantum confinement was claimed to be responsible for the increase of n2 with decreasing the 
Si-nc sizes. As can be seen, n2be decreases with increasing the annealing temperature 
approaching the as deposited value at T=1250°C. This is quite surprising and show that Si-nc 
developed at 1250°C are too large to yield quantum confinement enhancement effect. In this 
material the nonlinearities are only due to the dielectric mismatch effects by which the 
different dielectric environments affect the Si polarizability due to the composite nature of the 
material. 

5. Conclusions 

By using femtosecond pulses we were able to isolate the various contributions to the optical 
nonlinear properties of Si-nc. A detailed investigation was carried out to highlight the role of 
excited carrier and bound-electronic effects as a function of the peak power. In particular, the 
nonlinear response arising from the bound-electronic polarization can be as high as ~10-13 
cm2/W for small Si-nc embedded in an amorphous SiO2 matrix. When larger Si-nc are formed 
either because of the high annealing temperature or because of the high Si excess in the as-
deposited films, a negative nonlinear response is observed due to excited carrier generation 
following two-photon absorption. Moreover, the analysis of nonlinear refraction and 
absorption as a function of the peak intensity shows the saturation of the nonlinearity due to a 
band filling mechanism. For the present study the saturation intensity is ~1012 W/cm2.  It was 
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also found that the bound-electronic nonlinear response shows a dependence on the Si excess 
which can be ascribed to a quantum confinement effect. 
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Fig. 7. Bound-electronic nonlinear response extracted from the non-linear refractive index by 
fitting the procedure depicted in Equation (10) as a function of annealing temperature for the 
sample B (top) and as a function of Silicon excess for samples annealed at T=800°C (bottom). 
The temperature of the as deposited sample was labeled as T=0°C, as a convention. The lines 
represent only a guide for the eyes. 

 
Our results show that Si-nc have a nonlinear response one order of magnitude higher than 

that of bulk silicon [12], and three order of magnitude higher than that of silica [13]. The Si-nc 
nonlinear refraction is of the same order of magnitude of that of GaAs [21], with the main 
advantage of the CMOS compatibility. Viable applications of Si-nc can be found in all optical 
switching devices which, based on the bound nonlinear response, can have the potentiality to 
go beyond 40 Gbps [5, 6]. 
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