Non-linear optical properties of PECVD Si-nc under nanosecond excitation
A. Martínez1, S. Hernández
,1, P. Pellegrino1, Y. Lebour1, G. Carles1, S. Marco1, B. Garrido1, R. Spano2, M. Cazzanelli2, N. Daldosso2, L. Pavesi2, E. Jordana3 and J. M. Fedeli3.

1 Departament d’Electrònica, Universitat de Barcelona, Martí i Franquès 1, 08028 Barcelona, Spain.

2 Laboratorio Nanoscienze, Dipartimento di Fisica, Università di Trento, via Sommarive 14, I-38050 Povo, Trento, Italy.

3 CEA-LETI, 17, Rue des Martyrs, 38054 Grenoble Cedex 9, France.

ABSTRACT

A study of the non-linear optical properties of Si-nc embedded in SiO2 has been performed by using the z-scan method in the nanosecond and femtosecond ranges. Substoichiometric SiOx films were grown by plasma-enhanced chemical-vapor deposition (PECVD) on silica substrates for Si excesses up to 24 at. %. An annealing at 1250 °C for 1 hour was performed in order to precipitate Si-nc, as shown by EFTEM images. Z-scan results have shown that, by using 5-ns pulses, the non-linear process is ruled by thermal effects and only a negative contribution can be observed in the non-linear refractive index, with typical values around -10-10 cm2/W. On the other hand, femtosecond excitation has revealed a pure electronic contribution to the nonlinear refractive index, obtaining values in the order of 10-12 cm2/W. Simulations of heat propagation have shown that the onset of the temperature rise is delayed more than half pulse-width respect to the starting edge of the excitation. A maximum temperature increase of ΔT = 123.1 °C has been found after 3.5 ns of the laser pulse maximum. In order to minimize the thermal contribution to the z-scan transmittance and extract the electronic part, the sample response has been analyzed during the first few nanoseconds. By this method we found a reduction of 20 % in the thermal effects. So that, shorter pulses have to be used to obtain just pure electronic non-linearities.
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1. INTRODUCTION

During the last decade nanostructured silicon semiconductors have been extensively studied as they provide a Si-based material for cheap, mass-production devices compatibles with CMOS technology. Moreover, nanostructured Si presents an important intensity-dependence of the third-order non-linear optical properties through bound electrons (Kerr effect).1 For the third-order nonlinearities, the real part of the refractive index can be written as n = n0 + n2I, where I is the intensity of the laser pulse, n0 the linear refractive index and n2 the non-linear refractive index. Based on this effect, a novel waveguide structure called slot-waveguide has been proposed,2,3 in which the electromagnetic field can be highly confined, reaching a high intensity and promoting non-linear optical effects. However, an important contribution to the total refractive index could be introduced by slow effects associated with linear absorption processes, such as thermal effects.4
In fact, at high illumination intensities the linear absorption can induce a temperature variation that could be large enough to change the total refractive index, even thought the absorbed energy would be just partially transformed into heat.5 Thermal heating induced by a laser pulse persists over certain characteristic time tc (acoustic transient time),6 usually of a few microseconds. Hence, the induced variation of the total refractive index due to thermal effects is much slower than the pure electronic non-linearities from bound electrons, imposing a limitation to the dynamic range of the device response.
In the nanosecond domain, the pulses are long enough to induce a temperature variation during the pulse duration.7 Consequently, the variation of the refractive index would have both a pure electronic non-linear component, due to electronic polarization (Kerr effect), and a thermal contribution to the linear one.1 In order to minimize the second contribution, z-scan technique using femtosecond pulses had been employed by different authors by changing the repetition rate.1,5,8,9 Other approaches tried to separate both contributions using a two-color setup with a pulsed pump laser and a continuous wave (CW) probe one.10
Here we present a new experimental approach to study the non-linear optical properties of the Si-nc embedded in SiO2 films, by means of a time-resolved z-scan in a single-beam setup working within the nanosecond regime. Substoichiometric SiOx films were grown by plasma-enhanced chemical-vapor deposition (PECVD) on silica substrates. Annealing at temperatures up to 1250 °C for 1 hour was performed in order to precipitate Si-nc. The precipitation, size and density of Si-nc were monitored by Raman and EFTEM techniques. Thermal simulations were made using ANSYS® software, to model the temperature behavior in the material. Finally, we will discuss the thermal effects in a slot-waveguide.

2. EXPERIMENTS
Substoichiometric SiOx films have been deposited by PECVD on silica substrates. A N2O flow rate was kept at 2000 standard cubic centimeters per minute (sccm) and different flow rates of SiH4 from 100 to 500 sccm have been used in order to change the SiOx composition. X-ray photoelectron scattering (XPS) measurements have been performed in the as-deposited films to determine the [Si] and [O] concentration, obtaining Si excesses up to 24 at. % (see Table 1). After deposition, annealings at Tann = 1250 °C have been carried out in a conventional furnace for 1 hour, in order to precipitate the nanostructures.
Energy-filtered transmission electron microscopy (EFTEM) measurements have been performed in the annealed samples to image the Si-precipitates. The Si-nc contrast in the TEM images was enhanced by energetically filtering the electron energy-loss spectra (EELS) by using a Gatan Image Filter (GIF 2000) around the Si plasmon (ESi = 17 eV), which is well separated from the SiO2 plasmon (ESiO2 = 22 eV). The refractive index, extinction coefficient and thickness of the films were obtained by means of a spectrophotometric ellipsometer Filmetrics F20. The values obtained for interesting wavelength range are reported in Table 1.
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Fig. 1. Scheme of the experimental setup used for the z-scan experiment.
In order to evaluate the non-linear optical properties of the SiOx films, z-scan measurements have been performed using nanosecond and femtosecond excitation. Under nanosecond excitation, only the films annealed to the highest temperature have provided a z-scan transmission trace. Two different excitation wavelengths have been used: i) a Nd:YAG laser working at λ = 1064 nm with a 10 Hz repetition rate and 5 ns pulse duration using peak intensities ranging from I0 = 108 to 109 W/cm2; and ii) a Ti:Sapphire laser at λ = 830 nm with a 82 MHz repetition rate and 70 fs pulse duration, keeping the peak intensity at I0 = 1.15 × 1010 W/cm2. Fig. 1 represents schematically the experiments. The transmission of the Gaussian laser beam through the samples (labeled S on the figure) was recorded by a photodiode (D1) while a continuous motor has moved the sample along the optical path (z axis). The beam waist at the focus of the lens (L) was typically ~ 30 μm, for a focal length f = 15 cm. An aperture (SL) was placed in front of the signal-detector (D1) for closed aperture measurements. A small portion of the input beam through a beam-splitter (BS) was monitored by another photodiode (D2) and their ratio (D1/D2) was recorded as a function of the sample position z.
The transmission with and without the aperture was measured in the far field as the sample is moved through the focal point, enabling the separation of the non-linear refractive index from the non-linear absorption. The voltage signal from each detector is analyzed by a digital oscilloscope with 2.8 GHz band-width and 8 GS/s.

3. RESULTS AND DISCUSSION
3.1. Structural properties
XPS composition measurements were performed at different sample depths, displaying a very good uniformity. All the films presented an important contribution of nitrogen (≈ 8 at. %) due to the incorporation of N impurities into the layers from one of the precursors (N2O) during the deposition. After the high temperature annealing we observed a complete Si/SiO2 phase separation. Three main bound energies were obtained, Si-Si, Si=O2 and Si≡N, associated with Si aggregates, SiO2 and Si3N4, respectively. From the relative concentration of [Si], [O] and [N] (see Table I) we have determined the Si excess for each sample: (A) 24 at. %; (B) 20 at. %; (C) 16 at. %; (D) 12 at. %; (E) 8 at. % and (F) < 1 at. % Si excess. In order to avoid confusions upon the definition of Si excess, we have calculated it by the relation [Si]excess = (1 − 0.75y − 0.5x)/(1 + x + y), being x and y the ratio [O]/[Si] and [N]/[Si], respectively. 
Table 1. Structural parameters of annealed SiOx films. Composition values were evaluated by XPS along the depth. The thickness, linear refractive index and extinction coefficient were determined by ellipsometry, while the Si-nc size was determined by EFTEM measurements.

	Sample code
	Composition SiOxNy
	Si excess
(at. %)
	dmean (nm)
	Thickness (nm)
	n, k
@830 nm
	n, k
@1064 nm

	A
	x=0.84, y=0.14
	24
	4.8± 1.5
	432
	1.99, 0.020
	1.97, 1.7×10-2

	B
	x=0.90, y=0.17
	20
	3.9± 0.8
	475
	1.93, 0.008
	1.92, 0.4×10-2

	C
	x=1.05, y=0.17
	16
	-
	461
	1.86, 0.023
	1.86, 1.4×10-2

	D
	x=1.1, y=0.20
	12
	2.9± 0.6
	533
	1.76, 0.016
	1.74, 1.3×10-2

	E
	x=1.36, y=0.15
	8
	< 1
	545
	1.50, < 10-4
	1.48, <10-4

	F
	x ≈ 2, y = 0
	< 1
	-
	646
	1.47, < 10-4
	1.46, <10-4


EFTEM measurements revealed a high-density of spherical Si-nanoparticles all through the annealed films, with a Gaussian size-distribution. In Fig. 2 we present the EFTEM image of sample B (20 at. % Si excess), where the Si-nc spatial distribution can be observed. Sizes of 4.8 ± 1.5 nm, 3.9 ± 0.8 nm and 2.9 ± 0.6 for samples A, B and D, respectively, have been found (see Table 1). On the other hand, no Si aggregates have been observed in samples E and F. In fact, sample F has revealed an almost SiO2 stoichiometry, while sample E (8 at. % Si excess) have displayed an optical behavior (not shown), which suggests a very low Si-nc concentration with sizes at the detection limit of this technique (≈ 1 nm). As a general trend, the Si-nc size grows with the Si excess, having larger Si-nc for sample A.
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Fig. 2. EFTEM image of sample B (20 at. % Si excess). The white spots are associated to Si aggregates while the dark contrast is related to the SiO2 matrix.
3.2. Non- linear optical properties
Non-linear optical properties have been systematically studied in the SiOx films annealed at 1250 °C by the z-scan method using two different excitation regimes: nanosecond pulses at λ = 1064 nm and femtosecond pulses at λ = 830 nm. In Fig. 3 we present the z-scan transmittance for the far-field geometry (refractive non-linearity) measured on sample B (20 at. % Si excess), for the two different regimes. In the nanosecond domain, as a general trend the z-scan transmittance shows a peak-to-valley trace [see Fig. 3(a)], meaning a negative contribution to the non-linear refractive index n2, previously associated to thermal effects in the Si-nc.1 Moreover, the observed transmittance change is quite large (about 60 %), as can be seen in Fig. 3(a), suggesting a huge n2 value. On the other hand, in the femtosecond domain the behavior in the z-scan transmittance is reversed and a valley-to-peak trace is observed [see Fig. 3(b)]. This behavior indicates a positive contribution of n2, typically a contribution from bound electrons.1 In fact, the thermal contributions are much higher than the electronic ones and, using short time pulses with low enough repetition rates, only the pure electronic contribution affects the non-linear refractive index.7 In this regime, the variation in the transmittance is only about 3 %, which indicates a much lower n2 value, compared to the results in the nanosecond domain.
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Fig. 3. Z-scan traces of the sample B (20 at. % Si excess) in the closed aperture configuration: (a) exciting with 5 ns-width pulses and 10 Hz repetition rate and (b) exciting with 70 fs-width pulses and 82 MHz repetition rate. The solid curves are the best fits to the experimental points.

The analysis of the results was performed within the frame of the model by Sheik-Bahae et al.,11 which consists in a decomposition of the complex electric field at the exit plane of the sample into a summation of Gaussian beams. As a consequence of the Gaussian beam profile, the sample behaves as a nonlinear lens and modifies the intensity distribution in the far field.7 For a number of assumptions (Gaussian beam, thin sample, instantaneous nonlinearity, negligible nonlinear absorption effects, small phase change, and far-filed condition), the relative on-axis transmittance T(z) of the measured sample is given by


T (z, Δφ0) =  EQ 1 + 
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where z0 is the Rayleigh range and Δφ0 is the nonlinear phase change, given by


Δφ0 =
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Being λ the excitation wavelength, α the absoprtion coefficient, I0 the peak intensity and l the thickness of the SiOx films.
By a fitting procedure of the z-scan transmission to the experimental data using Eq. (1), the nonlinear refractive index n2 can be extracted. In Fig. 4 we have summarized the behavior of n2 for the two different excitation regimes. In the nanosecond regime, n2 values around -10-10 cm2/W were found for the samples with higher Si excess, while no n2 values were obtained for samples with the lowest Si excess (samples E and F). On the other hand, positive n2 values of ≈ 10-12 cm2/W were found in the femtosecond regime (see Fig. 4), indicating that no thermal effects are affecting the non-linear refractive index.1 In this case, the absolute values of n2 were more than two orders of magnitude smaller compared to the values found in the nanosecond regime. In fact, the thermal contribution (~ 10-9 s) is much slower than the contribution from bound electrons (~ 10-15 s) and it is expected to be negligible when the pulse duration is reduced,7 as the femtosecond results have shown.
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Fig. 4. Non-linear refractive index n2 of the SiOx films as a function of the Si excess for femtosecond excitation (squares) and nanosecond excitation (circles).
3.3. Thermal simulations in the SiOx films

As the z-scan results have shown, the knowledge of temporal dependence of the sample temperature is a crucial parameter in order to clarify the non-linear behavior of the SiOx system. Under nanosecond excitation, the z-scan transmittance of the SiOx films is ruled by thermal effects and they can be suppressed by using femtosecond excitation. In order to simulate the thermal behavior of the system, simulations have been performed using ANSYS® and taking into account an excitation of the sample by 5-ns laser pulses with 10 Hz repetition rate and 108 W/cm2 peak intensity, the geometry and physical parameters of sample B (see Table 2). All the simulations have supposed as initial conditions a room temperature (RT) of the sample and the air surrounding at 25 ºC. No energy radiation or air convection have been taken into account.
Table 2. Physical parameters of sample B. The density, thermal conductivity and heat capacity were estimated by using a linear relation between those in Si and SiO2. The refractive index n and the absorption coefficient α were experimentally measured by ellipsomety. The physical parameters of Si and SiO2 were extracted from the literature.12
	
	Si
	SiO2
	SiOx
(20 at. % Si excess)

	Density (g/cm3)
	2.33
	2.20
	2.26

	Thermal conductivity (mW/cmK)
	1500
	13
	310

	Heat capacity (J/kgK)
	705
	703
	703

	n
	3.45
	1.46
	1.81

	α (cm-1)
	
	
	472.4

	d (nm)
	
	
	475


First of all, we have analyzed the system assuming an average absorption over a period (Δt = 0.1 s). Under this conditions, we found an average temperature increasing of ΔT = 1.9×10-2 ºC. This increment of temperature over a period presents a variation lower than 0.1 % which can be considered negligible. In fact, the temporal space between pulses is much longer than the pulses width so that, for this repetition rate, each pulse could be considered independent from the others. Then, a temporal evolution of the heat dissipation has been performed around the spot position. A Gaussian temperature profile has been observed around the position of the laser spot with a maximum temperature variation in the centre of ΔTmax ≈ 123.1 ºC. However, the temperature distribution rapidly changes in time, especially during the light absorption period.
In order to know the temporal evolution of the temperature in our samples, simulations at different instants have been performed. In Fig. 5 we present the temporal evolution of the temperature at the center of the laser spot compared to the excitation pulse shape. From the simulation, we observe that the maximum temperature occurs after ≈ 3.5 ns of the light-pulse maximum. Consequently, there is an important delay of more than half of the pulse width between the excitation pulses and the temperature increase. Therefore, we can distinguish three different temperature regimes: while the laser radiation starts to excite the samples, it stays around RT for almost 3.5 ns as the temperature increases slowly; afterwards, the temperature rapidly increases up to reaching its maximum; finally, a slow thermalization process, where the temperature falls to RT in about 10 µs.
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Fig. 5. Temperature temporal profile at the center of the laser spot. As a reference, we have also plotted the temporal evolution of the light pulse in a dashed line.

In Fig. 6 we present the temperature distribution at the instant when the temperature is higher. An apparent temperature gradient can be observed from the center of the laser spot, displaying a Gaussian profile. Only a small region of about ≈ 600 µm2 has reached temperatures higher than 100 °C.
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Fig. 6. Temperature distribution on the sample B after applying a 108 W/cm2 pulse of 5-ns, at the instant when the temperature variation is higher (Δt =3.5 ns).

3.4. Time resolved z-scan

Due to the fact that there is an important delay between the excitation ns-pulses and the temperature rise, we have analyzed the z-scan transmittance taking into account the temporal profile of the pulses through the sample B and considering for the analysis only the first part of the excitation process (the first 3.5 ns), where no thermal signal is expected.
In Fig. 7 we present a comparison of the results obtained by standard z-scan technique and the ones where only the first 3.5 ns of the transmitted pulses were taking into account. The transmittance observed in the first few nanoseconds shows a reduction of the peak-to-valley distance, which produces a non-linear refractive index n2 = - 1.9 × 10-10 cm2/W, corresponding to a reduction of about 20 %. This thermal contribution is still two orders of magnitude higher than the electronic contribution found by using femtosecond excitation. Thus, shorter pulses have to be used in order to avoid thermal effects and properly measure the pure electronic non-linear effects.
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Fig. 7. Z-scan trace of sample B (20 at. % of Si excess) acquired using standard z-scan technique (circles) and considering only the first 3.5 ns of the transmitted pulses (squares). The dashed and full lines are the best fits to the experimental data in the standard configuration and taking into account the first part of the laser pulses, respectively.
Based on these simulations, preliminary calculations of the temperature influence in a novel waveguide structure called “slot-waveguide” have been also performed.2,3 In fact, the SiOx material will be used in order to fill the slot region and provide a non-linear behavior to the structure. Considering an excitation of 5×109 W/cm2 peak intensity at 40 Gbits, the simulations have shown an average temperature increase of ΔT ≈ 24 °C, which is reached after ≈ 1.9 µs. Thus, the structure will work at a temperature higher than RT and, after switching on the pulse trains, some time is needed to reach a stable temperature.
On the other hand, the pulsed nature of the excitation will cause oscillations around the mean value that we have estimated to be ΔT ≈ 3×10-2 °C. This variation leads to a change in the linear refractive index (due to the thermo-optical coefficient, ≈ 5×10-5 K-1) of Δn0 ≈ 1.7 ×10-6. In fact, this variation is only a small contribution respect to the total refractive index change by non-linear optical effects (ΔnT ≈ 5×10-4).
4. CONCLUSIONS

We have studied the non-linear optical behavior of SiOx films deposited by PECVD. Z-scan transmittance with femtosecond pulses has revealed a non-linear refractive index n2 of the SiOx films in the order of 10-12 cm2/W, in good agreement with previous works on similar samples. On the other hand, the z-scan measurements using nanosecond pulses have displayed a negative n2, which has been associated to thermal effects due to light absorption. The magnitude of the thermal contribution (nanosecond domain) has been found to be two orders higher than the electronic contribution (femtosecond domain).
Thermal simulations taking into account the physical parameters of the samples have shown a maximum temperature increase of ΔTmax ≈ 123.1 ºC. Moreover, the temperature rise is shifted about 3.5 ns with respect to the exciting pulses. Therefore, in order to minimize the thermal contribution to the non-linear refractive index and extract the electronic contribution, we have tried a new approach based on the observation of just the first few nanosecond of the sample response. A reduction of about 20 % have been found, however an important remaining contribution from thermal effects is still present.
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