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Abstract: Natural materials’ inherently weak nonlinear response demands the design of artificial
substitutes to avoid optically large samples and complex phase-matching techniques. Silicon
photonic crystals are promising artificial materials for this quest. Their nonlinear properties
can be modulated optically, paving the way for applications ranging from ultrafast information
processing to quantum technologies. A two-dimensional 15-um-thick silicon photonic structure,
comprising a hexagonal array of air holes traversing the slab’s thickness, has been designed to
support a guided resonance for the light with a wavelength of 4-um. At the resonance conditions,
a transverse mode of the light is strongly confined between the holes in the "veins" of the silicon
component. Owing to the confinement, the structure exhibits a ratio of nonlinear to linear
absorption coefficients threefold higher than the uniform silicon slab of the same thickness. A
customised time-resolved Z-scan method with provisions to accommodate ultrafast pump-probe
measurements was used to investigate and quantify the non-linear response. We show that
optically pumping free charge carriers into the structure decouples the incoming light from the
resonance and reduces the non-linear response. The time-resolved measurements suggest that
the decoupling is a relatively long-lived effect on the scale comparable to the non-radiative
recombination in the bulk material. Moreover, we demonstrate that the excited free carriers are
not the source of the nonlinearity, as this property is determined by the structure design.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Silicon Photonic Crystals (SiPhCs ) have attracted great attention in research and applications
development because of their rich physics and potential to develop electro-optical devices which
can be integrated into existing semiconductor technology. They exhibit the advantages of low
fabrication cost, compatibility with silicon electronics production, and low signal attenuation over
a broad spectral range below the electronic band-gap [1]. More broadly, there are demonstration
of PhCs in light guiding [2,3], trapping [4,5], switching [6-8], lasing [9-11] and nonlinear
applications [12,13].

Despite the extensive investigation on light manipulation with SiPhCs in telecom wavelengths,
such as all-optical switches based on nanocavities [14], subwavelength nanowires with high
switching contrast and speed [15], photon trapping and release that can be used in photonic
circuits [16] and dispersion-compensation in fibres and nonlinear optics [17,18], only a few
studies have been reported considering the Mid-Wavelength Infrared (MWIR, the spectral range
covering the wavelength between 3 and 8 um) region [19]. The main applications in this range
are night-vision in civilian security, "heat-seeking" through the atmospheric window in defence,
free-space communication and thermal imaging [20]. The advantage of using MWIR optics is
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a low loss in the atmospheric window facilitating the propagation distance far more extended
than for telecom and visible light wavelengths [21]. Imaging and rangefinding in MWIR are
less affected by dust, fog, smoke and cloud because of more negligible scattering and absorption
cross-sections than at shorter wavelengths. Therefore, this work explores aspects contributing to
developing SiPhCs for light guiding and modulating in the MWIR spectral range.

There are three most common approaches to implement all-optical signal modulation by
inducing modification to the optical response by either thermal, optical bistability or free carrier
excitation [8]. The all-optical modulation has the advantage of rapid modulation speed, stable
operation performance and high compatibility with other photonic devices over the conventional
electronic and mechanical counterparts [22]. Thermal modulation is disadvantageous because
of its slow switching speed and high energy consumption. Optical bistability utilises nonlinear
optical effects such as two-photon absorption or Kerr lensing to modulate the incident light
intensity, which relays on a material with significant nonlinear coefficients. In contrast, a free
carrier injection is a straightforward approach for all-optical switching and modulation. It usually
employs a laser pulse to excite the free carriers and change the material’s optical response
(transmittance/reflectance) at a wavelength of interest. The main drawback of this approach is that
relatively high laser fluence is required. As shown in an approximate estimate of Supplemental
Document, to achieve a 50% modulation contrast using crystalline silicon as the modulator
material, at least 10'° cm™ free carrier density is required, necessitating to use of a milli-Joule
per square centimetre of the pump fluence. The modulation contrast is only fractionally improved
by reducing the amount of the reflected light in 2D periodic structures pumped by the similar
fluences [8,23]. This problem requires a more sophisticated approach to employ structures that
can trap the light at specific conditions and induce nonlinear response [24,25]. Therefore, we
focus on a nonlinear optical regime attempting to achieve the same modulation contrast but with
a lower pump intensity. To improve the performance, bulk materials need to be modified with
methods such as surface passivation [26] or engineering structures such as ring cavity [27,28],
SiPhCs [29,30] and metasurfaces [31,32].

In this work, we designed a two-dimensional (2D) SiPhC structure that supports Fano-like
resonance at the wavelength of ~4 ym in the MWIR region. We show that at the resonance
condition, a non-linear absorption of the SiPhC is strongly enhanced compared to a uniform
crystalline silicon slab with the same thickness. We employed an optical pump to inject free
carriers of the moderate density of 10'® cm™ to implement optical modulation. This shifts the
resonance to a different photonic band to which coupling is suppressed. The incoming light is
partially rejected back into the environment, diminishing the amount of light absorbed non-linearly.
This rejection is associated with a large imaginary part related to the free carriers induced by the
pump. Such a combination of the carrier injection and optical bistability remarkably reduced the
pump intensity requirement to modulate signal traversing the slab. We demonstrate that achieving
50% of the absorption modulation contrast requires a pump intensity of an order magnitude less
than operating in the linear regime or using a uniform silicon slab.

For this demonstration, we designed a time-resolved pump-probe Z-scan setup to explore
the nonlinear response of SiPhC and its evolution in time following ultrafast excitation. In our
set-up, instead of the traditional translating of the sample through the focusing point of the signal
beam [33,34], we move the focusing lens while keeping the sample position stationary. This
modification allows us to investigate the SiPhC nonlinearity with and without the pump.

2. Pump-probe time-resolved Z-scan set-up

Figure 1 shows the pump-probe Z-scan setup that we employed in this work. An intensive
pump beam was generated by a femtosecond (fs) laser system delivering pulses of 60 fs duration
at a 1 kHz repetition rate. The pump wavelength was centred around 800 nm to excite free
carriers above the electronic band gap of SiPhC. The MWIR 4 ym probe pulses of ~100 fs at
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the same repetition rate were generated by a Nonlinear Optical Parametric Amplifier. Using a
beam profiler, the pump and probe beam diameters were determined by measuring the beam’s
intensity distribution at the sample location. The arrival time difference between the pump and
probe pulses on the SiPhC surface was controlled by varying the optical path length of the pump
passing through a retroreflector located on a computer-controlled motorised Stage 2. Stage 1,
which carried the lens controlling the focusing of the probe at the SiPhC surface, was placed in

the probe’s optical path.

M2, M3
1 \IStageZ
Pump M4
M1 1 Sample 3 D2
%
= |
Probe -—

Stage 1 \ L2
D1

Fig. 1. The pump-probe Z-scan setup developed for investigation of time-resolved non-linear
properties of thin slabs. The pump and probe have a wavelength of 800 nm and 4 um,
respectively. Two computer-controlled motorised stages are used: Stage 2 controls the arrival
time difference between pump and probe pulses on the sample surface. Stage 1 carries a
focusing lens (L1, f=100mm) which controls the focusing condition of the probe beam at
the sample surface. The reflected and transmitted light of the sample are collected by two
lenses (L2 and L3, both with f=150mm) in front of two MCT detectors (D1 and D2).

To focus the MWIR 4 um probe pulses, the Z-scan set-up incorporated a Germanium-Plano-
Convex lens with a focal length of 100 mm mounted onto a translational stage to modify the
focusing conditions at the sample in a controlled manner. The beam diameter measured before
passing through the lens was 5 mm, while it was approximately 100 um at the focus. Maintaining
the pump beam consistently larger than the probe at the sample surface was paramount to
guarantee an almost spatially homogenous excitation over the probe area during the translation
process of the probe lens. As such, no lens was used in the pump beam path. The diameter of the
pump beam was measured to be around 10 mm, twice larger than the unfocused probe beam
diameter.

The sample was tilted to 20° concerning the probe beam incidence angle, while that angle
for the pump beam was 30°. To ensure a nearly spatially homogeneous excitation across the
probe beam, the pump beam spot diameter on the sample was adjusted to be a few times larger.
The effect of tilting the sample produces somewhat elliptical beam profiles of the probe and
pump. To minimize this effect, we kept the pump and probe angles very close to each other. The
ratio between the minor and major axes is about 0.9 for the probe beam, while for the pump is
0.75. The non-identical intensity distribution along those axes might introduce some degree of
birefringence. However, the experiment cannot discern this as the detector integrates the signal
over the entire area. Rotating half-wave plates controlled both the pump and probe intensities in
front of linear polarisers, which also set the beam polarisation. The probe beam was p-polarised
to match the coupling symmetry required to excite the fourth TM mode of the SiPhC slab, while
TE modes are ruled out because of polarisation. The coupling is facilitated by the matching
conditions provided by the slab orientation and mode broadness due to imperfections. The angle
of incidence and wavelength determines a single point in the dispersion diagram. This point is
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centred on the eigen solution of the fourth TM mode only. Although an angular distribution of
the probe beam on the surface of the slab might provide a partial excitation of the third mode, but
its contribution is only fractional.

This arrangement differs from the conventional Z-scan method, where a sample is placed
on the stage that translates it through the focal point of a fixed lens. However, the traditional
approach is impractical for the pump-probe experiments since the pump position would shift on
the sample surface while it moves through the probe’s focus. Defocussing the pump beam to
a large enough spot to cover the entire surface will not solve the problem. A spatial intensity
distribution of the pump would result in the variation of the excitation profile on the surface.
Therefore, our approach is to fix the sample and translate the focusing lens of the probe. We
verified the reliability of our system by performing the Z-scan measurements without the pump
in both configurations and confirmed that the results were identical for an open aperture. Yet,
this approach still has limitations for the closed-aperture modality and was not used in this work.
We only performed the open-aperture Z-scan experiments by collecting both the transmitted and
reflected light through two lenses in front of two MCT detectors. A pair of preamplifiers and a
lock-in amplifier (Zurich Instruments) were connected to the detectors, and the data was read
out and processed by LabVIEW software. We have carefully verified that all the light has been
collected by the detectors while scanning the focusing of the probe.

3. 2D silicon photonic crystal structure

The sub-wavelength structured SiPhC membranes were made by photoelectrochemical etching
of silicon in HF using a procedure similar to that described elsewhere [35]. In this procedure,
an ordered hexagonal 2D array of holes was etched through a 15-um-thick slab of bulk silicon.
The lattice constant and hole diameter were 1.5 and 1 um, respectively, as shown in the inset of
Fig. 2(a). The samples are free-standing membranes glued to a metal washer-like holder with
an inner open diameter of 1 cm. This arrangement is viable for silicon-based materials, as they
possess the strength for this support method.

We designed a 2D SiPhC structure that supports a Fano-type resonance at 4 um, in which a
narrow Bragg band of a TM mode interacts constructively or destructively with a continuum
spectrum [36]. At the resonance, the light incoming from the environment is coupled to the mode
and is channelled through the structure. A band diagram in a reduced zone scheme is plotted in
Fig. 2(a) and corresponds to the structure geometry shown in the inset. The blue dots indicate
TM-guided modes, while the black line marks the light cone. The green dashed line designates
tilting to 20° when the plane of incidence is oriented along the I' — K direction. The red dashed
line corresponds to the probe’s frequency. The guided modes intersecting the light cone can be
coupled to an external light source, directing the light between the structure and the environment.
Yet, these modes can retain a portion of electromagnetic power within the structure. According
to our experimental conditions, the fourth mode is coupled to the probe light as denoted by the
intersection of green and red dashed lines with that mode. The calculation details can be found
in the Supplemental Document. Moreover, the presence of the guided resonances was confirmed
by measuring the transmittance spectrum and observing the intensity drop at the frequencies
corresponding to the guided resonances, see Fig. S1 of Supplemental Document.

Figure 2(c) shows the spatial distribution of the electric field of the fourth mode exhibiting
the confinement in the silicon "veins" of the SiPhC slab. When this mode interacts with the
continuum spectrum in the surrounding, a Fano-type resonance is expected to occur. Light can
be channelled through the slab interacting with the medium in the areas of the field confinement.
For a material exhibiting non-linear absorption, more light will be absorbed in the areas where
the field is confined. On average, more light will be absorbed in the photonic structure than in a
uniform slab where light is delocalised.
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Fig. 2. (a) The band structure of TM modes for 2D SiPhC. The dashed red and green lines
indicate the probe light’s normalised frequency and the cone of the incoming light. The
inset shows the 2D SiPhC structure in real space and the corresponding first 2D Brillouin
zone. The black line indicates the light cone at the normal incidence. (b) The band structure
of the 2D SiPhC injected with the free carriers by 800 nm and 0.7 mJ/cm? pump. (c), (d)
top views of the electric field distribution in the middle cross-section of the SiPhC slab for
unpumped and pumped cases, respectively.

The situation changes when the structure is optically injected with the free carriers. Figure 2(b)
shows the band structure of the same 2D SiPhC but excited by the pump fluence of 0.7 mJ/cm?
injecting the free carriers density of 10'® cm™3. The lower energy Bragg modes are distorted and
shifted upwards. Below the first band, the structure became metallic with no supported modes.
Because of the shift, the external light is supposed to be guided through via interaction with
the second band. Yet, Fig. 2(d) suggests that the coupling is suppressed as the field intensity
is weaker by order of magnitude than for the unpumped structures. Here, the light is strongly
reflected at the air - SiPhC interface because of the partly metallic properties of the band, which
is characterised by a significant imaginary part (€imaginary ~ 1) Of the effective dielectric function.

Thus, the coupling of the external light into the SiPhC slab can be toggled on or off by pumping
the free carriers optically. For the unpumped sample, the light is confined and guided through the
veins, where it is absorbed predominantly non-linearly. Hence, the modulation can be realised
between two states of non-linear absorption and light rejection for the unpumped and pumped
structures, respectively.

4. Results and discussion

To verify the enhancement of the SiPhC slab nonlinear response, we performed the Z-scan
measurements (in the absence of the pump) and compared them to a reference uniform silicon slab
of the same thickness. From the simultaneous recording of the reflectance, R, and transmittance,
T, signals, the absorptance, A = 1 — R — T, can be directly obtained. The comparison of
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the normalised absorptance, A/Ag, between the two samples is shown in Fig. 3(a). Here,
Ao is linear absorptance measured for a loosely focused beam, while A is a function of the
sample distance from the focal point. At the focus, z = 0, the nonlinear absorption process
enhances the absorptance of the uniform silicon slab by ~ 30%, while it doubles for the SiPhC
slab. We note the importance of recording both the transmitted and reflected intensity for the
Z-scan measurements of thin opaque materials exhibiting Fabry-Pérot fringes. Monitoring the
transmittance or reflectance solely might complicate the deconvolution of linear and non-linear
responses.

3
22 22 5 x10

(@) 2D SiPhC () 0.5 mJ/em?, (©) 2D SiPhC no-pump
2 Tl — SiRef 2 o 0.55 mJ,’cn} 45

\ —0.6 mJ/cm?
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Fig. 3. (a) Comparison of the Z-scan normalised absorptance, A/Ag, of 4 um wavelength
for the 15-um-thick uniform silicon (Si ref) and SiPhC slabs, both are 15 um-thick; (b)
the Z-scan for SiPhC slab, pumped by loosely focused 800 nm beam of different fluences;
the dashed line represents the measurement in the absence of the pump; (c) The ratio of
non-linear, S, to linear, o absorption coefficients as a function of the pump fluence. The
solid blue line indicates the ratio limit for the unpumped sample. The dashed lines signify
the span of the ratio range between unpumped and pumped uniform silicon.

In the next stage, we investigated the optical response when the samples were injected optically
with the free carriers. Note the absorption of the pump is a linear process involving phonon
assistance. The process is well understood and tabulated in the literature, see [32] for example. As
demonstrated in Fig. 2(b) and (d), under pumping, the resonance is shifted to the second photonic
band but poorly coupled because the carriers induce a large imaginary part, and the incoming
light is reflected back. The Z-scan was performed for the pump fluence in the range between 0.5
and 0.7 mJ/cm? corresponding to the carrier density of 7x10'7 and 10'® cm™3, respectively, to
show a gradual decoupling from the guided resonance and the decrease of non-linear response.
Indeed, Fig. 3(b) shows that the increase of the pump fluence reduces the amount of infrared
light propagating and, consequently, non-linearly absorbed within the sample.

To further clarify the physical picture of the process, the Z-scan waveforms were analysed by
the method described elsewhere [34,37] to retrieve the ratio of the linear, «, to the non-linear,
(3, absorption coefficients. Figure 3(c) shows that this ratio monotonically drops as a function
of the pump fluence, approaching the response of the silicon slab. On the low fluence end, the
beta/alpha line crosses the no-pump line around 0.42 mJ/cm?. This value can be considered
an apparent threshold for observing the non-linear response. Thus, the non-linear response
diminishes as the free carriers’ injection decouples the incoming probe light from the guided
resonance. We note the linear behaviour of B/« as a function of pump fluence is an empirical
observation. There is no formula or a short-cut calculation to calculate this. The nature of the
enhancement is rather complex and requires the calculation of non-linear propagation through
the slab, a task beyond the scope of this work.

Figure 3(c) also shows that the response range of the uniform silicon slab for the same
conditions is much narrower, and the trend is the opposite, where the non-linearity increases with
the pump fluence.
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The effect of the free carriers on the non-linear response is generally considered short-lived. It
tends to fade within a few hundred femtoseconds as soon the carriers thermalise following the
excitation [38,39]. Such a fast response is desirable for optical switching but unsustainable in
photodetecting devices relying on the high carrier density in steady-state conditions. Therefore,
developing a SiPhC slab for electro-optical applications requires an evaluation of the time-resolved
properties.

We performed a time-resolved pump-probe experiment with the SiPhC slab positioned at
the distance of the strongest and weakest non-linear response, Z = 0 and Z = 12 mm, from
the lens’ focus, respectively. Figure 4 shows the time-resolved fractional absorptance change,
AA/Ao—pump, as a function of the arrival time difference, At, between the pump and probe
pulses on the sample surface, where AA = A(f) — Ajo—pump, With A(f) designating the absolute
absorptance at time 7 and A;;o—pump is the absolute absorptance in the pump’s absence. It can be
seen that a fast component around the zero delay, which is usually associated with the non-linear
response of the free carriers, is absent in both cases, and the decay is nearly identical. Thus, we
conclude that the nonlinearity is a property of the structure design to which the injected free
carriers do not contribute directly. Otherwise, we would see the fast component at the tight
focusing of Z = 0. Moreover, the observed carrier decay time is much longer than a few hundred
picoseconds, resembling the non-radiative carrier decay in bulk silicon. This proposes that the
fundamental electronic properties related to the carriers’ recombination are similar in bulk and
structured silicon.

——Z=0 mm
—Z=12 mm |

e e
=N %o

AA/ Ao pump
o
g

02

%0 40 20 0 20 40 0 80 100 120 140
At (ps)
Fig. 4. Fractional change of the absorptance, AA/A;—pump, as a function of the arrival
time difference between the pump and probe pulses, Af, when SiPhC slab is positioned in
(red) and out (blue) of the focus, Z = 0 and Z = 12 mm, respectively. The pump fluence is
0.7 mJ/cm?.

In addition, we investigated whether possible heating induced by the pump is affecting the
non-linear response. For this, a series of Z-scan experiments were performed, with the pump
arriving before or after the probe. When the probe arrives before the pump, it propagates through
the sample before the free carriers are excited, and thus, it is not affected directly by them.
However, the carriers decay in between the pump pulses and might induce residual heat, which can
be accumulated in the crystal lattice. The Z-scan absorptance measurements shown in Fig. 2(S)
of the Supplemental Document demonstrate that the effect of heating on the non-linearity can
be ruled out. The Z-scan absorptance, with the pump arriving after the probe, remains nearly
identical to that recorded without the pump, shown in the main text in Fig. 3(a). Moreover, the
results shown in Fig. 2(S) of the Supplemental Document demonstrate qualitatively that the
change of the nonlinearity is related to free carriers injection only.
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5. Conclusions

In conclusion, we designed a 2D SiPhC structure that supports a Fano-type guided resonance
at 4 ym wavelength. The electric field is strongly confined in silicon "veins" at the resonance
conditions, and the structure exhibits an enhanced non-linear response. Using a customised
Z-scan method, we demonstrate that non-linear absorption contributes to doubling the total
absorptance of SiPhC slab at the focus. The Z-scan waveform analysis revealed that the ratio
B/ of the non-linear to linear absorption coefficients is 4.5x1073 cm?/W for the SiPhC slab as
opposed to 1.7x1073 cm?/W for the silicon slab. The time-resolved experimental results propose
that the non-linear effect is a property of the structures, while the electronic properties remain
unchanged. However, the injection of the free carriers modifies the optical bands’ structure,
causing the resonance’s coupling to decrease and diminishing the nonlinear effect. Nevertheless,
the electronic properties governing the carriers’ decay remain similar to that of the bulk material,
unaffected by the modified optical nonlinearity.
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