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The transient transmittance change of microprous silicon was measured using optical
pump — Mid infrared probe technique at different laser fluences. The results confirmed
the existence of self-focusing in such structures at small incident angles and proper
laser flounce. The measurements indicated that the self-focusing is not a long
process which lasts for a short period of time. The tuneable focusing of MIR probe
can be achieved with no need of adding any additional inclusions to the sample. This
in turn provides the ability of sharpening or de-sharpening the profile of the probe
beam. This also enables the utilization of such structures in the realm of stimulated
depletion microscopy. The optical modulation change is also investigated based on

Maxwell Grannet model. The model showed that the optically generated charge

Iragi Journal of Applied
Physics

Electronic, Optical
4 and Magnetic
Materials
sest quartil

IR 2023
0.18

powered by scimagojr.com

carriers increase with increasing the pumping fluence allowing the use of such
structures as a tuneable optical modulator.
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1. Introduction

Many unintuitive phenomena occur when light
propagates through a nonlinear medium. The
importance of these effects in different applications
has made them a major topic for many research
groups. These effects play a key role in various
applications such as imaging, polarization control
and phase matching [1-7] . Most of these phenomena
are due to the fact that the refractive index of the
substances depends on the intensity of the incident
light. Some of these effects become significant at
high energy ultrashort laser pulses while this is not
the case with composite materials (optically
anisotropic materials). The ability of such materials
to shape the propagation of light is due to the change
in their refractive indices (birefringence). The
propagation of light causes some unwanted optical
effects such as sample damaging through self-
focusing as well as two photon absorption. However,
some of these effects could be useful in the field of
all optical switching [8] and 3d laser micro-
structuring [9]. Structured nanocomposites represent
an additional category of birefringent materials, their
anisotropic properties can be derived from inclusions
of a secondary material at the nanometer scale [10-
12]. However, changing the anisotropic properties
and in turn the birefringent behavior for most of the
composites is not an easy process as the preparation
and incorporation of inclusions within the structure
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are quiet challenging. Some silicon derivative
materials such as porous silicon and porous silicon
oxide (PSiO2) are mesoporous composites with
birefringence resulting from their extremely uneven
pore structure [13-17]. The optical properties and
birefringence of the porous silicon are significantly
affected by presence of inclusions and its size
distribution [18,19]. This can result in widely
recognized occurrences of self-phase modulation and
self-focusing [20]. In the case of porous silicon, both
refractive index and birefringence can be modified
during the fabrication process. This gives the
possibility of producing elements with gradient
refractive index by varying the current during the
etching process [21-23]. The birefringence of porous
silicon is also significantly affected by changing the
porosity and can reaches values greater than 0.3 at
visible spectrum [16]. This can be exploited in the
fabrication of dielectric mirrors and birefringent
spectral filters where the produced elements can
focus or defocus the light depending on the
polarization state of the incident beam [24,25].
However, predicting the lensing and polarization
sensitivity behaviour of such structures is difficult
and needs more thorough investigation. The change
in the refractive index can be achieved either by
adjusting the etching conditions during the
fabrication process or through the external excitation
of the sample. The absorption of the excited beam
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generates thermal gradient refractive index around
the excited area. The generated thermal gradient acts
as a thermal lens and the related changes in the
transmitted beam depends on the degree of the lens.
This behaviour can be exploited in different optical
compounds as the degree of the lens can be simply
controlled by appropriate selection of the excited
wavelength [26,27]. The effect of thermal lensing
was first observed by Gordon et al, since then many
optical configurations and theoretical models have
been proposed to improve the sensitivity and the
analysis of the detected signal [28].

The aim of this study involves the evaluation of
the transient self-focusing and optical intensity
modulation of microporous silicon. The focusing
behaviour is extremely important in the investigation
of under surface imaging of silicon and silicon
derivative materials depending on the wavelength
and pulse duration of the pump beam. This also
provides the ability of sharpening or de-sharpening
the profile of the probe beam, which in turn plays a
significant role in the development of stimulated
depletion microscopy.

2. Experimental Part

The porous silicon film was fabricated based on
the photo-electrochemical etching of silicon wafer in
HF. The surface of the sample contains a well
arranged pores with a diameter rang of 0.9-1 um. The
pores are separated by 1.5 um pitch on square pattern
as shown in Fig. (1a). The arrangement of pores as
well as the inter-pore distance (thickness of 15 pum)
are determined by a pre-structured photo mask. More
details about the fabrication process can be found
elsewhere [29].

Fig. (1) (a) The cross section surface of microporous silicon.
The structure encompasses well-arranged pores with diameter
of 0.9-1 um and pitch of 1.5 um (b) the optical setup

The time resolved transmittance was measured
using Coherent laser system based on optical pump —
MIR probe approach as shown in the Fig. (1b). The
system provides a laser beam with average power of
3.2 W, 800 nm wavelength, 60 fs pulse duration and
1khz repetition rate respectively. The emerged beam
was split into two components: the first component
was guided to optical parametric amplifier (OPA) to
generate 4 um probe wavelength, while the second
component is used as a pumping source. The time
delay between both beams was controlled using retro
reflector attached to motorized translation stage. A
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combination of polarizer and half wave plate were
used to control the pumping power. The incident
angle of the pump and probe signals was fixed at 10°
and 5° with respect to the normal to the surface. The
polarization of the pump and probe beams was
perpendicularly oriented to avoid any interference.
The knife edge technique was employed to measure
the spot size for both beams which found to be 623
pm for the pump and 200 um for the probe
respectively. The InSh thermal detector was used to
measure the intensity of the transmitted probe signal.

3. Results and Discussions

Figure (2) shows the transient transmittance
change at different pumping powers, ranging from 10
to 50 mW corresponding to peak fluences ranging
from 5.68 to 28.41 mJ/cm?. The transmittance change
follows the same behaviour for all pumping powers
where the intensity increases at time delay t=0
between the pump and probe signals followed by a
decrease.
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Fig. (2) (@) The transient transmittance of 15um microporous
silicon measured based on optical pump (800nm), MIR probe
(4pm) at different excitation levels. The insect indicates the
zoomed self-focusing peaks

The incident pump generates both temperature
distribution around the excited area and surface
deformation depending on many parameters such as
polarization state, wavelength, pulse duration and
focusing of the excited pulse. Thus, the increase in
transmittance is due to plasma dispersion effect
generated by the pump. In this process, the absorption
of the pump signal by free carriers leads to the
generation of donut like distribution of free carriers
as shown in Fig. (3). Accordingly, The generated
distribution yields thermal gradient refractive index
(lower refractive in the centre compared to the edge
of the donut). This in turn acts as a dynamical lens
focusing or defocusing the probe beam depending on
the excitation fluence. Some studies suggested that
the focusing and defocusing of the probe beam can
be controlled based on the shape of the excitation
pulse, where the Gaussian like pump vyields
defocusing of the probe beam while the donut like
produces focusing behaviour [30]. Other study
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attributed the self-focusing effect to the structure
induced nonlinearity in which the free carriers have
no direct contribution [31].

Fig. (3) The donut like distribution of free carriers generated
by the pump beam

The intensity of the transmitted probe can be
either sharpened or de-sharpened by changing the
pumping power or through fine tuning the time delay
between the pump and probe beams as observed in
Fig. (2). This figure also revealed that the self-
focusing behaviour lasts for specific time delay
between the pump and probe beams. The decrease in
the transmittance following the self-focusing process
is a well-known trend of the porous silicon which
results from free carrier absorption[30]. It’s worth
mentioning that the focusing behaviour can be only
observed at incident angles close to the normal for
both pump and probe beams as the excitation
becomes more distributive at larger angles with
respect to the normal.

Figure (4) shows the maximum self-focusing
peak intensity of micro porous silicon at different
pumping powers. The figure revealed that the
focusing becomes more intense at some specific
pumping fluences followed by degradation at higher
excitations as the free carrier absorption dominates
the process.
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Fig. (4) The self-focusing maximum intensity of the peaks as a
function at pump fluencies ranging from 5.68 to 28.41 mJ/cm?
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To estimate the temperature evolution of the
excited area, the solution of the following heat
equation is used with some specific consideration:
cp = [AT(r,t)] = g + kA?[AT(r, )] 1)
where ¢, p, g, k represent heat capacity, the density
of the sample, the source term and the thermal
conductivity, respectively

The solution of the above equation for the
boundary conditions (r < o) and (AT (r,0) = 0)
can be expressed as follows:

—272

AT (r,t) = 22222 {m (1+2)+ 3z, el x [1 -

4tk n!

()

where P,a,r,w,t,t, refer to laser power,
absorption coefficient, radius of the beam with
respect to the axis, radius of the pump beam, time
delay between the pump and probe signals and the
build-up time of the lens, respectively. The average
build-up time values (140, 93, 105, 148, and 161 ps)
were extracted from Fig. (2). The above equation can
be employed to calculate the temperature evolution
as a function of spot size and time respectively. As
the size of the pump is constant, the equation
becomes time dependent only at different excitation
levels. The temperature change of the excited porous
silicon film during the build-up lensing time is shown
in Fig. (5). The build-up time of the self-focusing is
short at low pumping fluencies compared to higher
excitations as the contribution of the carriers
absorption starts to dominate the process. Based on
the calculated temperature values, the change in the
refractive index can be also calculated using the
following equation:

n(t) = n, — -AT(t) 3)
where n,, is the intial refractive index and Z—: refers to
the temperature coefficient of the silicon
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Fig. (5) The transient building up temperature of the excited

sample at different pumping levels

Figure (6) shows the time resolved refractive
index during the build-up time of the self-focusing at
different pumping powers. It can be seen from the
figure that the refractive index decreases with the
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increase in the pumping power. The results also
indicates that the pump produces donut like plasma
dispersion with lower refractive index in the centre of
the excitation area compared to the edge of the donut.
Thus, the increase in transmittance intensity is due to
the relative decrease in the refractive index.
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Fig. (6) The time-dependent refractive index calculated based
on the temperature evolution of the excited sample

The probe intensity modulation as well as the
contribution of the carrier concentration following
the self-focusing can be evaluated using Maxwell
Grannet approximation together with Drude model as
expressed in the following equations:

2f(gj—em)+ei+2em
gff =&m 25ml+si—f(sil—em) ()
where f,&,,& represent the volume fraction,
dielectric constant of the matrix and the dielectric
constant of the inclusion, respectively

The Drude contribution can be expressed as:

&

Ae = —2F (5)
T w2+iyw
2 _ ezN
Wp = pp— (6)

Here, w2 , w represent the plasma and the probe
frequencies, respectively, and y refers to the
scattering rate with N, €,, m, and m* are the
carrier concentration, permittivity, electron mass and
effective electron mass, respectively

The incorporation of the Drude model into
Maxwell Garnett approximation can be expressed as
follows:

Eeff = sgff — A¢e (7)

Figure (7) shows the maximum transmittance
change as a function of the pumping fluence. It can
be observed from the figure that the transmittance
degrades as the excitation increases indicating that
the sample becomes rather absorptive at higher
exaction levels. Based on that the carrier
concentration of the excited film can be extracted by
fitting the Maxwell Garnett model to the maximum
transmittance change following the self-focusing
process as shown in Fig. (8). This figure indicated
that the carrier generation enhances as the pump
fluence increases. It should be mentioned here that
the nature of the carrier scattering in the excited
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sample cannot be revealed directly based on Drude
model only. Thus, the scattering rate is assumed to
be constant during the fitting process and its value is
fixed around 1x10°° s, The fitting process provides
the possibility of extracting the complex dielectric
function at maximum transmittance change as a
function of pumping fluence as shown in Fig. (9).
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Fig. (7) The maximum transmittance change as a function of
pumping fluence
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Fig. (8) The carrier concentration of the excited sample
extracted using Maxwell Garnett model modified to involve
Drude model
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Fig. (9) The real and imaginary parts of the complex dielectric
function estimated using MG model together with Drude like
contribution
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Figure (9) shows the fluence dependent real and
imaginary parts of the dielectric function of the
excited film extracted using above mentioned model.
As can be seen, the real part degrades with increasing
the excitation fluence due to the change in the optical
properties of the film induced by the pumping pulse.
In contrast, the imaginary part of the dielectric
function increases with increasing the excitation
fluence. This in turn indicates that the sample turns
out to be more absorptive at high pumping levels.

4. Conclusion

The results indicated that the self-focusing lasts
for specific delay time between the pump and probe
signals. The results also revealed that the self-
focusing can be only observed at incident angles
close to the normal. The time resolved measurements
revealed lensing build up times of 140, 93, 105, 148,
and 161 ps at different pumping fluencies. The peak
intensity of lensing can be controlled either by the
pump fluence or through changing the time delay
between the pump and probe signals. The Maxwell
Grannet model revealed an enhancement in the
carrier concentration with increasing the pumping
power providing the possibility of using such
structures as tuneable optical modulator where the
intensity of the probe can be controlled optically.
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