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Abstract. We provide a systematic study on the linear and nonlinear optical
properties of silicon nanocrystals (Si-nc) grown by plasma-enhanced chemical
vapour deposition (PECVD). Linear optical properties, namely absorption,
emission and refractive indices are reported. The sign and magnitude of both
real and imaginary parts of third-order nonlinear susceptibility X(3> of Si-nc are
measured by the Z-scan method. Closed aperture Z-scan reveals a positive
nonlinearity for all the samples. From the open aperture measurements, non-
linear absorption coeflicients are evaluated and attributed to two-photon
absorption. Absolute values of X(3> are in the order of 10 %esu and show
systematic correlation with the Si-nc size, due to quantum confinement related
effects. A correlation has been made between X(3)’ nanocrystalline size, linear
refractive index and optical band gap.

1. Introduction

In recent years, there has been considerable interest in semiconductor nano-
crystals, because of their novel optical or physical properties which can be
conveniently tailored over a broad range simply by altering their size [1]. Keeping
in mind the technological importance of silicon, great interest was driven toward
the Si nanostructures and, as a result, the observation of strong visible emission
from porous Si provided great excitement [2]. However, owing to the poor photo-
stability and uncertainty in the size of nanostructures in porous Si [3], the quest for
controlled production of new materials based on silicon nanocrystals (Si-nc) is still
going on. In a recent paper, we proposed preparation of Si-nc by plasma-enhanced
chemical vapour deposition (PECVD) followed by high temperature annealing as a
well-controlled system [4]. Optical and structural properties of these Si-nc have
been investigated in [5].

A great impulse for Si-nc research is the recent observation of optical gain [6].
However, for photonic device applications such as all-optical switching, nonlinear
optical properties are of major interest. Intensity-dependent changes in the optical
properties are prominent at high intensities (/) of a pump laser, particularly
third-order nonlinear effects. This third-order nonlinearity can be described by
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nonlinear refraction () and nonlinear absorption (3) parameters. They are related
at high intensities to the refractive index and absorption coeflicients, respectively,
by n(I) = ny + vI and a(l) = ay + BI, where ny and oy stand for linear refractive
index and linear absorption coefficient [7]. The nonlinear parameters v and [ are
related to the real and imaginary parts of third-order nonlinear susceptibilities
).

Until now, nonlinear optical properties have been studied on Si-nc prepared by
sol—gel, laser ablation and ion implantation or on porous Si [8-11]. However, the
role of quantum confinement and interface states in the nonlinear properties of
Si-nc has not been clarified yet. The differences in sample characteristics and
fabrication methods can account for the large variation in observed nonlinear
optical coeflicients.

In this article, we present a detailed report on the linear and nonlinear optical
properties of PECVD grown Si-nc. The dimensions of the Si-nc are well
controlled by the excess Si content as well as temperature of annealing at the
growing level. The absorption, emission and linear refractive indices for different
Si-nc are reported. The sign and magnitude of both real and imaginary parts of
third-order nonlinear susceptibilities, x(*), for different sized Si-nc are measured
by the Z-scan method. A specific correlation is made between the nanocrystal size,
), linear refractive index and optical band gap.

2. Experimental set-up

Substoichiometric SiO, films were prepared by using a parallel plate PECVD
system followed by high temperature annealing [4]. These films were deposited on
a quartz substrate in a three-layer waveguide geometry. Two 100nm thick SiO,
films sandwiched a 230 nm thick SiO, layer. An error of £30nm can be estimated
for the thickness of the films. High temperature annealing of SiO, films leads to
the separation of the SiO, in Si and SiO,. As a consequence, Si-nc embedded in a
Si0, matrix are formed [4]. The size of Si-nc increases with increasing excess of
Si, as well as with increasing annealing temperature (table 1). The formation of Si-
nc and their sizes were confirmed by transmission electron microscopy (TEM)
analysis. A detailed preparation procedure could be found in our earlier works
[4, 5]. It was noted from Rutherford backscattering (RBS) measurements, that,
with our deposition technique, nitrogen incorporation in the film occurs [4].

We performed Z-scan experiments on Si-nc by using a Gaussian laser beam
(Ti:sapphire laser, wavelength A = 813 nm with a repetition rate of 82 MHz and
with 60fs pulse width) in a tight focus limiting geometry (figure 1). The beam
waist at the focus of the lens was typically 19 um with peak intensity () up to
2 x 101" W ecm~2. Iy was varied by using neutral density filters. While a computer-
driven continuous motor moves the sample along the optical path (2 axis), the
transmission through the sample is monitored by a silicon photodiode (D1). An
aperture is placed in front of D1 for closed aperture measurements. A small
portion of the input intensity was monitored by another photodiode (D2) and the
ratio (D1/D?2) is recorded as a function of the sample position, 2. Transmission
with and without the aperture was measured in the far field as the sample moved
through the focal point, enabling the separation of the nonlinear refractive index
from the nonlinear absorption. The experimental set-up was checked by meas-
uring a reference sample CS, [12].
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Figure 1.  Z-scan set-up. D1 and D2 are silicon photodiodes, BS is a beam splitter,
L is the lens, S is the sample and SL is a variable slit.

Absorption spectra were measured using a UNICAM UV-visible spectrometer
with quartz as reference. The photoluminescence (PL) was measured by exciting
the sample with the 488 nm line of an Ar-ion laser with power 10mW. The
emission was collected through a monochromator which is coupled to a photo-
multiplier tube or a liquid nitrogen cooled Ge detector. As the sample structure
was a waveguide, the linear refractive indices for these samples were measured
using a prism coupling (m-line) technique with the 633 nm line of a He—Ne laser
[13]. We found one weakly guiding mode for all the samples under investigation.
The observed guided mode in TE and TM polarizations are used to estimate the
linear refractive index and thickness of the samples. The refractive indices are
given in table 1, while the estimated thicknesses were consistent with the growth
parameters.

3. Results and discussion

Room temperature absorption and photoluminescence (PL) spectra of various
Si-nc embedded SiO, samples are reported in figure 2. With the decrease of both
Si content as well as annealing temperature, the PL. peak maxima shift to blue.
From the sharp rising edge of the absorption spectra the optical band gap values
can be evaluated [5]. In a similar way to PL, the optical band gaps (F,) also show a
progressive blue shift with decreasing Si content and annealing temperatures.
These results were attributed to quantum confinement related effects and to the
active role of radiative interface states [5].

Linear refractive indices (n) for different Si-nc are obtained from the m-line
measurements (table 1). As our samples are a mixture of Si-nc and SiO;, n values
are expected to be lower than that of ¢-Si and to increase with Si content. Table 1
shows this general trend. We estimated the refractive index values for different Si
contents in the films by using the Bruggemann effective medium approximation
[14], assuming the Si-nc is embedded in the SiO; medium. The estimated values
are systematically lower than those measured (table 2). However, RBS data show
the presence of nitrogen in the SiO, films up to an atomic percentage of 10% [4].
Hence we repeated the calculation by assuming Si-nc in a medium composed by
both SiO, and SizNy4 (table 2). Despite the rather crude approximation of a
complete phase separation between SiO, and Si3Ny, good agreement is found for
the samples annealed at the highest temperature. However, with this crude model,
we cannot reproduce the annealing temperature dependence or the differences
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Figure 2.  Absorption and emission spectra for different Si contents at 1100°C annealing

temperature. The sample name refers to those given in table 1.

Table 2. Atomic contents of silicon (Si), oxygen (O) and nitrogen (N) (from RBS
measurements), measured refractive index at 1250°C annealing temperature and
estimated refractive indices from the Bruggemann approximation (assuming Si-nc in
Si02 medium or Si-nc in Si0;—Si3N4 medium).

Measured

Atomic Atomic Atomic refractive Refractive index from

Si O N index at Bruggemann approximation
content content content 1250°C
(Si at.%) (O at.%) (N at.%) annealing Si-SiO, Si—Si0,—Si3 Ny

46 45 9 2.00 1.91 2.00

42 48 10 1.82 1.75 1.80

39 49 12 1.66 1.64 1.66

measured in different sets. These estimations rather suggest that the presence of N
in the film does influence the optical properties of the Si-nc through the formation
of a composite matrix. A more sophisticated theory for the refractive index is
needed to clarify all these aspects.

Z-scan experiments were performed to measure the third-order nonlinear
coefficients. Representative data for sample 3A are given in figure 3. The normal-
ized transmission for a closed aperture scan (finite aperture at the far field) is given
by [9, 12]
4xA¢

= aom T

(1)

where A¢ is the nonlinear phase change, x = 2/z, and 2 is the Rayleigh range of
the lens given by zy = Tcw(z)/)\. w, is the beam waist at the focus and A is the
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Figure 3.  Closed aperture Z-scan for sample 3A at intensity 2.9 x 10! Wem™2. The
solid line is the theoretical fit with equation (1). Inset shows the variation of A¢
with the incident intensity.

wavelength of the laser. The measured data are fitted by equation (1) to obtain A¢
values. It is also possible to estimate A¢ by measuring the peak-to-valley variations
from the z scan trace (AT,_,) [12]

AT, . 2 0.406(1 — 8)"*°|Ag), (2)

where S is the aperture linear transmittance given as 1 — exp (2r§/w§) 7, and w,
stands for aperture radius and beam radius at the aperture, respectively. Both these
estimations are used and give the same values for A¢. The nonlinear index of
refraction () is related to A¢ by

_ Aol
- 2nly[1 — exp (—al)]’ (%)

v

where « is the measured absorption coefficient at 813 nm, [ is the SiO, layer
thickness and I is the peak intensity at the focus. Let us note that « does not
depend on the precise value of « used since al < 1 (figure 2).

The experiments were also performed on the pure quartz substrate and no
significant contribution from the quartz substrate was found. The signature of the
closed aperture data for all the samples is a distinct valley—peak configuration
suggesting a positive nonlinear effect (self-focusing), as expected for most of the
dispersive materials [8, 9, 13]. We found a linear dependence of A¢ on I and the
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Figure 4.  Open aperture Z-scan for sample 5B at intensity 1.7 x 10! W em™2. The solid
line is the theoretical fit using equation (4).

corresponding -y values are substituted in the equation, Re X(3> = 2n’eyc7y, to obtain
the real part of the third-order nonlinear susceptibilities (table 1), where ¢ is the
permittivity of free space and ¢ is the velocity of light.

It was reported that the use of high repetition rate lasers may give rise to
thermal optical nonlinearity due to acoustic effects and induced cumulative heating
effects, especially in liquids and in some optical glassy materials [15-17]. In
order to give a crude estimation of the thermal contributions we used the
model of [12] with the Si parameters, i.e. thermal refractive index changes
dn/dT =24 x 107*K~! at 1024nm [18], specific heat 0.72J g~! K? and density
2.33gem™2 [8, 19]. At the maximum power of the pump laser, the thermal
contribution to Rex() is in the order of 107 esu. This value is almost four
orders of magnitude lower than the measured values. Even during a 3-h long
experiment, we do not observe any changes in the Z-scan trace. Moreover, we also
conducted closed Z-scan experiments by chopping the laser (down to 100 Hz) to
avoid cumulative heating effects within the sample [15]. While for a liquid sample
CS,, which is prone to give thermal induced effects [16] we do observe a decrease
in the AT,_, values with increasing chopper frequency; for Si-nc samples we do
not observe any changes. Hence, the thermal contributions are negligible and the
optical nonlinearities are mainly refractive.

Figure 4 shows the normalized open aperture transmission (full power into the
detector) as a function of 2. A symmetric bell-shaped transmission is measured
with minimum at the focus (2 = 0). One can deduce the nonlinear absorption
coefficient, (3, from the open aperture Z-scan data from the equation [9]

Byl

22\
(1 +—2>
20

T(z)=1+ (4)
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The open aperture experiment is performed repeatedly and for different peak
intensities between 0.3 to 2 x 101 W em™2 to ensure proper measurements. The 3
values are used to evaluate the imaginary part of the third-order nonlinear
susceptibility x® by Im x®) = n?cycA\3/2n. Results are reported in table 1. On
comparison, the measured (3 values for Si-nc are higher than the value for
crystalline silicon (c-Si) [20, 21] and close to the values quoted for porous
silicon [8].

The nonlinear absorption in most of the refractive materials arises from either
direct multiphoton absorption or saturation of single photon absorption [12]. It is
interesting to note that the nonlinear absorption in silicon nanocrystals formed by
ion implantation and laser ablation depends on the excitation energy as well as Si-
nc size [9, 10, 22, 27]. For example, laser ablated samples exhibit saturation of
absorption and bleaching effects: change of sign for nonlinear absorption from
positive to negative with the increase of pump intensity at the near resonant
excitations (355 and 532nm) [23]. By contrast, ion implanted samples show an
almost linear dependence of 3 with the pump power, clear evidence of two-photon
nonlinear processes [22]. In our case, we found a well-defined bell-shaped mini-
mum transmittance at £ = 0 for all the laser intensities used. In addition, the laser
energy (/w) used is such that E, < 2/iw < 2E,,. Both these features suggest two-
photon absorption (TPA) as the origin of the nonlinear absorption. Finally, the
absorption at 813 nm is extremely weak or even negligible (figure 2). Similar
conclusions were obtained for p-Si [8]. The present 3 values are enhanced by two
orders of magnitude than the theoretically predicted TPA coefficient for c-Si,
probably due to quantum confinement related effects [24]. The highest TPA
coefficient is observed for sample 5B while the lowest is for 1B. For large Si-
nanocrystal containing samples (1A and 3A) we were not able to observe any
significant TPA traces.

The absolute values for x(®) are calculated from [(Re Y2 + (Im X(3>)2]]/2. By
comparing Re x(®) and Im x©) one can conclude that Re x(®) > Im x(), that is the
nonlinearity is dominantly refractive. The absolute values for x(®) are of the same
order of magnitude as those reported for porous silicon [8], for glasses containing
microcrystallites [25] and close to those expected theoretically for low-dimensional
Si materials (x3) ~ 1078 esu) [26, 27]. Figure 5 shows the variation with different
Si contents and annealing temperatures. Similar to the observations made by PL,,
the third-order nonlinear susceptibility values show systematic variation with
respect to Si-nc size. As for the temperature dependence, the 1200°C annealed
samples show the lowest x(®) values for all the Si content. At present we cannot see
the reason for this.

Figure 6 shows an increasing trend of x3) with respect to Si-nc radius (). The
inset on the figure reports the PLL maxima (FE,,) variation with Si-nc radii. Both
data can be fitted by a dependence of 1/7!3%. For E,, this is an expected trend for
quantum confinement related effects [28]. Hence the present study suggests that
large third-order nonlinear coefficients observed for small nanocrystals are due to
an increased quantum confinement effect. A direct comparison of y) values
measured here with those for the Si-nc prepared by other methods is difficult
because of the significant variation in the preparation method, Si-nc size, wave-
length of the pump laser and pump power [11, 22, 23].

On the other hand, it is of particular interest to obtain a relation between y )
and other optical properties. Attempts were made for a large number of refractive
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Variation of X(3> with Si-nc radius (»). The error bars on the radius refer to
the width of the size histogram measured by TEM. Inset shows the PL peak
maxima variation with Si-nc radius. Dashed lines are 1/7'%% dependence fits.

materials to obtain a relation between polarizability, linear and nonlinear refractive
indices and optical band gap [29-33]. It was empirically established that X(3>
relates to the optical band gap in most inorganic materials [30]. Similarly, the
effective polarizability, which is proportional to 1 — [(n> — 1)/(n* + 2)] , also shows
a linear relation with the square root of the optical band gap with a slope of 1.23 for
numerous optical materials [29, 31-33]. A plot of X(3> with respect to the effective
polarizability and (E;éz) is presented in figure 7. X(3> increases with increasing
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effective polarizability as well as optical band gap. Some data points do not clearly
illustrate this, but an overall trend is clear. Figure 8 shows the linear increase of
E;éz with the effective polarizability, the slope is 1.42, i.e. close to the observations
made for other optical materials [29-33]. It is thus shown that (3, Eg, and n are
correlated within the experimental scatters of the data. Smaller nanocrystals

possess larger x®) and optical band gaps with lower refractive index.
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4. Conclusions

Si-nc formed by high temperature annealed PECVD deposited SiO, films have
been characterized for linear and nonlinear properties. The third-order nonlinear
coefficients have positive sign and the values are two orders of magnitude higher
than bulk silicon. The dependence of x3) with respect to the Si-nc size is mainly
related to quantum confinement effects, similar to the PL. and absorption meas-
urements. The nonlinear absorption observed is ascribed to two-photon absorp-
tion. About two orders of magnitude higher values of the real part of x®) than the

imaginary part of ) indicate that the observed nonlinearities are dominantly

refractive.
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