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Abstract: We investigated and optimised the performance of the all-optical reflective modulation of
the Mid-Wave Infrared (MWIR) signal by means of the optically-pumped sub-wavelength-structured
optical membranes made of silicon. The membranes were optically pumped by a 60-femtosecond,
800-nm laser, while another laser operating in the MWIR ranging between 4 and 6 um was used to
probe the optical response and modulation. We were able to achieve the conditions providing the
modulation depth of 80% using the pump fluence of 3.8 mJ/cm?. To get a better insight into the
performance and the modulation mechanism, we developed an optical model based on a combination
of the Wentzel-Kramers—Brillouin approximation, Drude and Maxwell-Garnett theories. The model
allowed us to estimate the values of the dielectric function, carrier concentration and scattering
rate of the optically-excited membrane in the MWIR range. Using the model, we optimised the
performance and found the conditions at which the reflective modulation can be operated with the
ultrafast response of 0.55 ps and modulation contrast of 30%.
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1. Introduction

Silicon, as the most common semiconductor in electronic integrated circuits, has been considered
as one of the best candidates for the natural hybrid of photonic and electronic devices [1]. In recent
years, various silicon-based devices have been proposed for the generation, modulation and detection
of light [2-5]. The combination of silicon photonics with electronic devices not only brings the
advantage of improved bandwidth and fundamental speed, but also shows the potential of massive
production with low fabrication cost in comparison with other semiconductors. Among all the
silicon-based photonics units, the optical modulator, as one of the most critical components in optical
communication, thermal sensing and imaging systems, has drawn great research interest lately [6].

The conventional approach to optical modulation is based on the first order electro-optical
effect (Pockels effect) of materials. That is, by applying an external electric field, the dielectric
function of the material alters and results in a modification of the optical response and a change
of the reflectance or transmittance. However, as a centrosymmetric semiconductor, intrinsic silicon
has a weak electro-optical coefficient and therefore is not an ideal material for implementation
in electro-optical modulation [7,8]. As an alternative method, thermal-optical modulation was
investigated by Cocorullo et al., but it is only suitable for low repetition rate applications due to
its slow response [9,10]. Currently, the free carrier plasma dispersion effect, where the material
optical response varied with the free carrier density, is the most commonly-investigated modulation
mechanism in silicon [11]. The free carrier density can be altered by the carrier depletion, accumulation
or injection by either electronic or optical means [12]. The latter case is known as all-optical modulation,
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which has its primary advantage in ultrafast modulation speed, typically in the picosecond range [13].
As early as in 2004, Almeida et al. demonstrated a scheme of ultrafast all-optical modulation with
silicon photonic structures in telecommunication wavelengths. A modulation depth of 90% with less
than a 500-ps modulation speed was achieved [14]. Soon after, Takasumi’s team reported an improved
modulation speed of 70 ps by using ion-implanted silicon photonic crystal nanocavities [15]. So far,
most of the research interests and achievements in silicon optical modulators (including the examples
mentioned above) have explored the range of telecommunication wavelengths. The Mid- to Long
Wavelength Infrared region (MWIR and LWIR, respectively) has so far attracted less attention, despite
the enormous potential and high demand on the market [16].

The most demanding applications operating in MWIR, such as thermal imaging, security
countermeasures and free space communication, exploit the high transmittance of the Earth’s
atmosphere in the wavelength range between 3.5 and 5 um. A longer wavelength assures that
there is less scattering compared to the near-infrared and visible light, as well as no active vibrational
transitions of HyO and CO; molecules, making it suitable for remote sensing and detection with little
influence from weather conditions [17]. Despite the importance and maturity of the current MWIR
detection and imaging technology, the present applications rely entirely on electronic and mechanical
modulators, which limits the modulation speed to a few hundreds of nanoseconds. The development
of all-optical modulators aims not only at improving the performance speed, but also at enabling
new functionalities, such as ultrafast time-of-flight detection, anti-fluctuation atmosphere imaging
and broadband free space communication, based on the current MWIR detection technologies [18].
In 2011, Nedeljkovic et al. theoretically demonstrated the feasibility of all-optical modulation with
crystalline silicon in a broad infrared range (1-14 um) [19]. More recently, Shen et al. showed
a 50-MHz all-optical modulator with germanium-on-silicon waveguides in the wavelength range
between 2 and 3 pm [20]. In our previous work [6], we used a time of flight detection scheme based on
the all-optical modulation in the range between 2.1 and 3.5 pm, demonstrating a potential to reach
sub-picosecond temporal resolution. Up to date, there have been only a few experiments conducted
on MWIR all-optical modulators, and the reported results only covered the short wavelength part of
the mid-infrared spectrum.

In this work, we aim to explore for the first time a reflective-type silicon-based all-optical
modulator in the wavelength range between 4 and 6 um, covering almost the entire MWIR range.
Sub-wavelength structured silicon optical membranes were used as the active material for the
modulator, and its reflectance in the MWIR regime was modified by external excitation of the free
charge carriers (electron-hole plasma) using an intense laser beam of 800 nm. We show the overall
performance of the modulator in the frequency and time domains and quantify the pump fluence
required to achieve the optimised modulation. The results suggest the enhanced modulation depth
of the sub-wavelength structured silicon in comparison to the bulk counterpart under the same
experimental condition. An optical model was developed to fit the experimental data and extract the
associated carrier concentration, charge carriers’ scattering rate and the complex dielectric function of
the optically-excited membranes. We explored the temporal response of the modulator and designed
the experimental conditions to achieve the ultrafast modulation of 0.55 ps. These unique conditions for
the ultrafast switching in the time domain take advantage of the dielectric function variation following
the carrier concentration evolution before reaching the equilibrium state and before the onset of the
carrier density decay.

2. Methods and Samples

A femtosecond laser system was used to measure the time-resolved reflectivity of the
optically-excited samples. The system delivered 60-fs pulses with a 2.7-W average power at an 800-nm
wavelength and 1-kHz repetition rate. The pulses were nearly of a Gaussian shape as measured by
the intensity autocorrelator [21]. The beam was then split into a ratio of 10/90 by a beam splitter.
The low-intensity part was used as the pump beam, while the high-intensity part was directed into
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an Optical Parametric Amplifier (OPA) to generate the signal beam with a tunable wavelength in the
range between 4 and 6 pm. According to the manufacturer (Coherent), the pulse duration of MWIR
signal was about 100 fs. A retro-reflector on a motorised linear stage was used to control the pump
arrival time at the sample surface with respect to the signal pulses. The pump beam was set to be
p-polarised while the signal beam was s-polarised to avoid any possible interference. The incident
angles of the signal and pump beam at the sample surface were 20°and 30°, respectively. The reflected
MWIR beam was directed to a home-built monochromator, providing a resolution of 10 nm, to monitor
the spectral response. A Mercury Cadmium Telluride (MCT) detector was placed at the exit of the
monochromator equipped with a pre-amplifier and a lock-in amplifier to collect the IR signal with a
relatively low signal-to-noise ratio of less than 3%.

The sub-wavelength structured silicon membrane was used as the modulator material in this
work. It was made by photoelectrochemical etching of silicon in Hydrofluoric (HF) acid using a
procedure similar to that described elsewhere [22,23]. In this procedure, an ordered hexagonal
2D array of holes was etched through the bulk silicon membrane. The thickness of the sample
was about 15 pm, with 0.5 pm holes separated by 1.5 um, as shown in the insert to Figure 1b.
Bulk silicon (similar membranes without holes) was used as a reference to compare the results with
the structured membranes.
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Figure 1. (a) Change of the reflectance, AR/ Ry, at the temporal overlap between the pump and signal
as a function of signal wavelength A recorded for the pump fluences of 3.8 mJ/cm? (red), 5.0 mJ/cm?
(green), 6.3 mJ/ cm? (blue) and 8.8 mJ /cm? (magenta). The dots denote the experimental results, and the
solid lines show the model fitting. The arrows indicate the change of reflectance with increasing pump
fluence at a given wavelength, on the shorter and longer spectral ends, blue and red, respectively.
(b) The carrier concentration, N, (blue) at the sample surface and its scattering rate, -y, (red) as a
function of the pump fluence. The curves were reconstructed from the experimental data shown in (a).
The insert shows the top view of the structured silicon used in this work.

3. Optical Model

Before we proceed to the discussion of the results and analysis, we present the optical model,
which aims to approximate the optical response and the experimentally-measured reflectance of the
membranes. The main points that should be included in the model are: (1) approximation of the
membrane dielectric function by the Maxwell-Garnett mixing rule; (2) incorporation of the contribution
of the optically-excited free charge carriers into the dielectric function using the high-frequency
conductivity Drude theory; (3) accounting for the variation of charge carrier density along the sample
depth by Wentzel-Kramers—Brillouin (WKB) approximation.



Appl. Sci. 2019, 9, 1808 40f10

The reflectance of a single-layer thin slab based on the WKB approximation is given by:

r(0)e™ — r(d)e'? 2

= - - ’ 1
e~ —r(0)r(d)e¥ M
with the reflection coefficients of the front r(0) = k= =4(0) and rear r(d) = k= = q(d) interfaces,
ks +4(0) ke +q(d)

respectively. The z-coordinate was chosen to be along the membrane depth. k, and g are z-components

of the wavevector of light outside and inside the material, respectively. ¢ = fod dzq(z) is the complex
phase accumulated by the signal propagating through the sample with the thickness d = 15 um.
2

q(z) =/ %ee £r(z) — k2 is the position-dependent wavevector of the signal along the sample depth,
while k, is the x-component oriented parallel to the interfaces and has the same value of ¢sinf; outside
of the material and at any location inside it; here, 0; is the angle of incidence. It can be seen that the
model relies on the knowledge of the wavevector g(z), which is needed for the calculation of the phase,
1, and the reflection coefficients 7(0) and r(d). To find g(z), one needs a good approximation of the
effective dielectric function, €,f¢(z). The membrane structure has to be taken into account and the
contribution of the free carriers excited by the pump should be considered. The later is, in general,
non-uniform along the slab depth, but it can be approximated by N(z) = Wﬂc pumpeXp(—XpumpZz),
where F, &pymp and wpump are the fluence, absorption coefficient and photon frequency of the pump.
The dielectric function, €, ff (z), which includes both contributions, the structures of the membrane and
non-uniform longitudinal carrier distribution, can be calculated as follows:

1—¢ e? N(z)
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where €; = 11.7 is the intrinsic dielectric function of the bulk silicon, p = 0.55 is the volume fraction of
the air pores, 1m,,¢ = 0.17 and <y are the optical mass and the scattering rate of the free carriers, and w is
the frequency of the probe signal. In Equation (2), the second term represents the 2D Maxwell-Garnett
mixing rule, while the third term stands for the Drude contribution of the free carriers. The model
and the fitting procedure were presented in more detail in previous publications on nanoporous
silicon [24-27].

4. Wavelength Dependence and Ultrafast Temporal Response of Optically-Pumped Membranes

Figure 1a shows the reflectance change, AR/Ry = (R.—Rp)/ Ry, measured at the temporal overlap
between the pump and signal pulses, as a function of the signal wavelength and for the different
fluences of the pump, spanning between 3.8 and 8.8 mJ/cm?. R, and Ry denote the reflectance with
and without application of the pump pulse, respectively. Figure 1a presents the experimental results as
the dots and the model fitting, described in the previous section, as the solid lines. The corresponding
carrier concentration used in the calculation of the optical model, N, and scattering parameter, v,
as a function of the pump fluence are shown in Figure 1b. Note that N and <y are functions of the
fluence only and were not influenced by the probe, as its fluence was too weak and the photon energy
too small to alter them. In general, it can be seen that the optical model can be adequately fitted to
the experimental results, providing a background to discuss the physics behind the findings and the
feasibility to use the membranes for a reflective-type light modulator.

It can be seen that at certain conditions, the modulation efficiency can reach beyond 80%, yet it is
not uniform over the entire range of wavelengths. At the lower fluence of about 4 mJ/cm?, the greatest
modulation was observed at the longer wavelength of the spectrum around 6 um, while at the highest
fluence, the situation was reversed: it was the shorter wavelength around 4 pm that was the most
affected. Such dependence of the reflectance spectra on the pump fluence can be considered for use in
tunable spectral filters. At the lower pumping, the membrane acted as a shortwave reflecting filter,
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i.e., at 3.8 mJ/cm?, almost 70% of the 4 pm probe was reflected back, while for 6 pum, it was only
15%. At the highest fluence, the filter reflectance as a function of the wavelength was flipped over:
it behaved as a a long-wavelength reflective filter with 90% of 6 pm and 25% of 4 um reflected back,
respectively. Overall, there are two critical details that need to be explained, which are the sign of the
reflectance change as a function of the fluence, F, for a given wavelength A, % (P )A, indicated by the
arrows on Figure 1a, and its absolute value characterising the modulation contrast. It can be seen that
% (F) has the opposite sign: it was negative for the shorter wavelength and reversed to the opposite
for the longer wavelength, while its absolute value was greater.
To understand this behaviour, one should examine Equation (2) in terms of the evolution of €, as
a function of the injected free carrier density, N, and relate it to the reflectance. When the carrier density,
N, increased, the dielectric function, €, ffr monotonically dropped, yet the reflectance behaviour was
more complex than that. At the lower carrier injection, when the third term in Equation (2) was smaller
than the sum of the first two, the increase of N led to the decrease of the reflectance, while at a certain
point where €, =1 the minimum was reached, and the reflectance started to increase, reaching the
maximum at €,7¢ = 0. The change of the sign at ‘;—Is el
the optical response from dielectric to metal, also known as the plasma edge. Furthermore, it can be
shown that in semiconductors at the conditions around the plasma edge for a given signal wavelength,
A, the absolute value of reflectance change as a function of the carrier concentration has the relation of
%U\]) A; 0<egff<l > % (N) A; Eoff
is directionally proportional to F. Thus, the opposite sign and the difference of the absolute values

corresponds to the onset of the transition of

-1~ This discussion equally applies to % (F),, assuming that N

of the arrows in Figure 1a indicated that the system was pumped in the region of dielectric-metal
transition, where at the shorter wavelength €, > 1, while at longer wavelength approaching 6 pm
€e.ff < 1and at the crossover around 5 um €, = 1. We note that, compared to the bulk semiconductor,
less pumping was required to achieve this transition with structured membranes, as their dielectric
function was lower due to the second negative term in Equation (2), related to the dilution of €; by
the holes.

Figure 1b shows the fitting parameters used to calculate AR/ Ry. To improve the accuracy, we
used a calculation routine that iteratively determines the real and imaginary parts of the effective
dielectric function, €,sf, in Equation (2) from the amplitude and slope of the experimentally measured
AR/ Ry as a function of A [24]. The fitting results suggested that with the carrier concentration above
8 x 10" cm~3 and scattering rate of about 1.5 x 10'* s~!, dielectric-metal transition occurred for
signals with A > 5 um. Moreover, it can be seen that N is a non-linear function of F; therefore, we had
to correct our initial assumption of the linear absorption of the pump pulse. We note that a non-linear
absorption in silicon optical membranes is not well-understood and reported, and we leave this point
out of the arguments of this work. In addition, the scattering parameter, v, seemed to saturate at the
higher fluences. We did not investigate this observation at a greater depth; however, the most likely
reason for this is the saturation of the carrier-carrier collisions at the non-equilibrium conditions [28].

To further investigate the optical response and the temporal evolution of the spectra at different
pump fluences, we performed ultrafast pump-probe measurements over a few picoseconds’ delay
time between the pump and probe pulses. During this time, the injection of the charge carries reached
saturation as the excitation process had been completed, but the recombination had not developed yet
to affect the carrier density and optical response. We note that the temporal resolution was degraded
by the convolution of the ultrafast excitation and somewhat longer probe pulse. The results are shown
in Figure 2a—d for the pump fluences of 3.8, 5.0, 6.3 and 8.8 mJ/cm?, respectively. These measurements
can be viewed as the evolution of the curves shown in Figure 1a as a function of time (along the
horizontal axis). Figure 2a—c show that after the excitation completed, the spectra did not change
significantly after 1 ps as a function of the delay time, At. That is, once the equilibrium was achieved,
the optical properties remained stable. However, in Figure 2d, we observe a peculiar feature around
6 um and the delay time of 1 ps, as indicated by the dashed rectangular. Unlike anywhere else,
in this region, the signal passed through the minimum before it recovered and stabilised. This curious
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behaviour was interesting for both understanding the physics behind the process and the possible
development of applications. Indeed, such an ultrafast drop and recovery of the reflectance signal at a
particular wavelength can be used for the extremely fast reflective-type all-optical switching. In the
next section, we will focus on this ultrafast temporal variation of the reflected signal and discuss the
physics behind it in more detail.

Figure 2. The change of the reflectance, AR/Rp, as a function of the arrival time difference, At,
between the pump and signal pulses, and the signal wavelength A for the pump fluences of 3.8 mJ/cm?
(a), 5.0 mJ/cm? (b), 6.3 mJ/cm? (c) and 8.8 mJ/cm? (d). The dashed box in (d) shows the region where
the reflectance passes through the minimum.

5. Demonstration of the Ultrafast Switching

Using the optical model shown above, we optimised the condition for the demonstration of the
ultrafast switching, which can be operated at a speed far faster than the natural or enhanced decay
processes in semiconductors related to trap states, surface recombination and Auger decay [26,29-33].
As an example of such a design, we show the reflective modulation of the signal at 4 pm.
This wavelength was also chosen because of its importance for the imaging and range-finding at
MWIR [6].

The performance of the modulator, demonstrating the contrast reaching 30% and the response
time (as defined by the FWHM) of 0.55 ps, is shown in Figure 3a. It surpassed an electro-optical
reflective modulator based on a non-linear response of the surface plasmons [34]. We noted that
small oscillations of AR/ Ry for At > 1 ps were due the experimental noise and cannot be routinely
reproduced. Figure 3b shows the related temporal development of the real and complex parts of the
effective dielectric function, R(e,s¢) and J(e.ff), following the excitation by the pump pulse. Besides,
in Figure 3¢, we show the density of the carriers, N, and their scattering rate, o, which transpired from
the simulation of the experimentally-determined temporal evolution of AR/ Ry. The simulation itself
is shown in Figure 3a as the black dashed line.

We measured the bulk silicon to compare its performance with that of the optical membrane.
In the absence of the pumping, the optical membranes and bulk silicon had reflectances of 0.2 and 0.3,
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respectively. It was apparent that for identical optical pumping, the response AR/ Rg of the bulk silicon
and optical membrane was quite different. The bulk material did not show a sharp negative peak,
but rather dropped and remained constant. In addition, the modulation contrast was just above 5%.

To explain the sharp peaked response and enhancement in the modulation contrast, it will be
helpful to investigate the development of R(e.f¢), I(€.ff), N and 7 as a function of time shown in
Figure 3b,c; Panel (b) also reproduces the reflectance response AR/Ry(t) as the dashed line for the
convenience of the discussion. It can be seen that following the pump pulse application, the carrier
density increased, causing a decrease of R(e,s¢) and, alternatively, an increase of J(e.rs). Yet at
the earlier times, the main contribution to the reflectance change was from the variation of R(eff),
as S(e,ff) was still too small. Around 0.5 ps, R(e,rf) — 1, at which AR/ Ry reached the minimum,
and its value was set by 3(e,fs) at this time. That is, higher J(e.f¢) resulted in lower contrast of
AR/Ry. After 0.5 ps, the rate of AR/ Rg and its sign were determined by the the combined contribution
of R(e,rr) and J(e,sf) as they have comparable absolute values. The steady state condition of AR/ Ry
was reached after 1 ps when both the real and imaginary parts were saturated, on par with N and .

To summarise, initially, the rate of AR/R( drop was almost exclusively governed by the decrease
of §(e.fr); the minima was achieved when %(e,r¢) — 1; and the modulation contrast was determined
by J(eefr). The AR/ Ry recovery rate was determined by the combination of the development of
both R(e,rr) and J(e,sf) as a function of time, and their values determined the level at which AR/ Ry
would saturate. We noted that the carriers did not recombine during this short time period, and
therefore, the modulator switching speed did not depend on the recombination process. However,
the modulator operation/repetition frequency was limited by the recombination time required for the
modulator to return to the unexcited state before the next switching event happened. In our previous
work, we showed that the complete recombination of the excited carriers occurred on the nanosecond
time scale [35].
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Figure 3. (a) The change of the reflectance AR/Ry as a function of the arrival time difference, At,
between the pump and signal pulses, for a pump fluence of 10 mJ/cm?. The solid blue, red and dashed
black lines are the experimental results for the bulk, structured silicon and the best fitting, respectively.
(b) The evolution of the real (blue) and imaginary (red) part of the dielectric function as a function
of At, reconstructed from the experimental data. The black dashed curve reproduces that shown in
Panel (a) to assist with the interpretation. (c) The variation of the carrier concentration N (blue) (at the
sample surface) and scattering rate <y (red) as a function of At. The vertical dotted line indicates the
condition of € — 1 when the reflectance reaches its minimum.
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6. Conclusions

In conclusion, this work investigates the performance of the all-optical modulation in the MWIR
using an optical membrane made of silicon. The investigation explored the development of the
reflectance spectra prior to, during and after excitation from an ultrashort laser pulse as a function of
time. We demonstrated the spectra change under different pump fluences and observed the transition
of optical response from semiconductor to metal in the monitored spectral region. The investigation
allowed the construction of a robust optical model describing the evolution of the reflected signal
as a function of time and signal wavelength for the different pumping fluences. Using this model,
we optimised the performance to achieve the fastest time response and the highest contrast of the
modulation for 4 um signal. We have shown that it is possible to achieve the modulation of 30% of
the reflected signal with the extremely fast response time of 0.55 ps. Such a fast response is possible
because the modulation does not rely on the carrier decay, but rather rests on the properties that relate
the reflectance and the development of the effective dielectric function in time. An important point
is that the low effective dielectric function of the membrane can be altered more easily by optical
pumping compared to the bulk counterparts to achieve the modulation condition as €,y — 1.

Author Contributions: Conceptualization, A.K.; Methodology, R.W.; Software, J.C.; Validation, RW., J.C. and
D.C.; Formal Analysis, R.W.; Writing—Original Draft Preparation, R.W.; Writing—Review & Editing, A.K., J.C.
and D.C.; Supervision, A K.; Funding Acquisition, A.K.

Funding: EPSRCU K., QuantIC.

Acknowledgments: The authors acknowledge financial support provided by The Quantum Enhanced Imaging
Hub (QuantIC) and EPSRC U.K.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Preble, S.F; Xu, Q.; Schmidt, B.S.; Lipson, M. Ultrafast all-optical modulation on a silicon chip. Opt. Lett.
2005, 30, 2891-2893. [CrossRef]

2. Rong, H.;Jones, R.; Liu, A.; Cohen, O.; Hak, D.; Fang, A.; Paniccia, M. A continuous-wave Raman silicon
laser. Nature 2005, 433, 725. [CrossRef] [PubMed]

3. Koch, B.R.; Norberg, E.J.; Kim, B.; Hutchinson, J.; Shin, J].H.; Fish, G.; Fang, A. Integrated silicon photonic
laser sources for telecom and datacom. In Proceedings of the National Fiber Optic Engineers Conference,
Anaheim, CA, USA, 17-21 March 2013.

4. Liu, A;Jones, R;; Liao, L.; Samara-Rubio, D.; Rubin, D.; Cohen, O.; Nicolaescu, R.; Paniccia, M. A high-speed
silicon optical modulator based on a metal-oxide-semiconductor capacitor. Nature 2004, 427, 615. [CrossRef]

5. Luryi, S.; Kastalsky, A.; Bean, ].C. New infrared detector on a silicon chip. IEEE Trans. Electron Devices 1984,
31, 1135-1139. [CrossRef]

6. Wu, R;; Collins, J.; Burgess, C.D.; Lamb, R.A.; Kaplan, A. Demonstration of time-of-flight technique
with all-optical modulation and MCT detection in SWIR/MWIR range. Emerging Imaging and Sensing
Technologies for Security and Defence III. Proc. SPIE 2018, 10799, 1079904.

7. Reed, G.T.; Knights, A.P. Silicon Photonics: An Introduction; John Wiley & Sons: Hoboken, NJ, USA, 2004.

Soref, R.; Bennett, B. Electrooptical effects in silicon. IEEE ]. Quantum Electron. 1987, 23, 123-129. [CrossRef]

9.  Cocorullo, G.; Rendina, I. Thermo-optical modulation at 1.5 um in silicon etalon. Electron. Lett. 1992,
28, 83-85. [CrossRef]

10. Martin-Sanchez, D.; Kovylina, M.; Ponce-Alcantara, S.; Garcia-Rupérez, J. Thermo-Optic Coefficient of

®

Porous Silicon in the Infrared Region and Oxidation Process at Low Temperatures. |. Electrochem. Soc. 2019,
166, B355-B359. [CrossRef]

11. Thomson, D.; Shen, L.; Ackert, ]J.; Huante-Ceron, E.; Knights, A.; Nedeljkovic, M.; Peacock, A.;
Mashanovich, G. Optical detection and modulation at 2 pm-2.5 um in silicon. ~Opt. Express 2014,
22,10825-10830. [CrossRef]


http://dx.doi.org/10.1364/OL.30.002891
http://dx.doi.org/10.1038/nature03346
http://www.ncbi.nlm.nih.gov/pubmed/15716948
http://dx.doi.org/10.1038/nature02310
http://dx.doi.org/10.1109/T-ED.1984.21676
http://dx.doi.org/10.1109/JQE.1987.1073206
http://dx.doi.org/10.1049/el:19920051
http://dx.doi.org/10.1149/2.0341906jes
http://dx.doi.org/10.1364/OE.22.010825

Appl. Sci. 2019, 9, 1808 9 0f 10

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Reed, G.T.; Mashanovich, G.; Gardes, EY.; Thomson, D. Silicon optical modulators. Nat. Photonics 2010,
4,518.

Almeida, V.R,; Xu, Q.; Lipson, M. Ultrafast integrated semiconductor optical modulator based on the
plasma-dispersion effect. Opt. Lett. 2005, 30, 2403-2405. [CrossRef] [PubMed]

Almeida, V.R,; Barrios, C.A.; Panepucci, R.R.; Lipson, M. All-optical control of light on a silicon chip. Nature
2004, 431, 1081. [CrossRef]

Tanabe, T.; Nishiguchi, K.; Shinya, A.; Kuramochi, E.; Inokawa, H.; Notomi, M.; Yamada, K.; Tsuchizawa,
T.; Watanabe, T.; Fukuda, H.; et al. Fast all-optical switching using ion-implanted silicon photonic crystal
nanocavities. Appl. Phys. Lett. 2007, 90, 031115. [CrossRef]

Soref, R. Mid-infrared photonics in silicon and germanium. Nat. Photonics 2010, 4, 495. [CrossRef]
Hoffman, A.; Gmachl, C. Extending opportunities. Nat. Photonics 2012, 6, 407.

Park, S.J.; Zakar, A.; Zerova, V.L.; Chekulaev, D.; Canham, L.T.; Kaplan, A. All-optical modulation in
Mid-Wavelength Infrared using porous Si membranes. Sci. Rep. 2016, 6, 30211. [CrossRef] [PubMed]
Nedeljkovic, M.; Soref, R.; Mashanovich, G.Z. Free-Carrier Electrorefraction and Electroabsorption
Modulation Predictions for Silicon Over the 1-14 um Infrared Wavelength Range. IEEE Photonics |. 2011,
3, 1171-1180. [CrossRef]

Shen, L.; Healy, N.; Mitchell, C.J.; Penades, ].S.; Nedeljkovic, M.; Mashanovich, G.Z.; Peacock, A.C.
Mid-infrared all-optical modulation in low-loss germanium-on-silicon waveguides. Opt. Lett. 2015,
40, 268-271. [CrossRef]

Kaplan, A.; Lenner, M.; Huchon, C.; Palmer, R.E. Nonlinearity and time-resolved studies of ion emission in
ultrafast laser ablation of graphite. Appl. Phys. A 2008, 92, 999-1004. [CrossRef]

Schilling, J.; Wehrspohn, R.; Birner, A.; Miiller, F; Hillebrand, R.; Gosele, U.; Leonard, S.; Mondia, J.;
Genereux, F; Van Driel, H.; et al. A model system for two-dimensional and three-dimensional photonic
crystals: macroporous silicon. J. Opt. A Pure Appl. Opt. 2001, 3, S121. [CrossRef]

Wu, R.; Collins, J.; Canham, L.; Kaplan, A. The Influence of Quantum Confinement on Third-Order
Nonlinearities in Porous Silicon Thin Films. Appl. Sci. 2018, 8, 1810. [CrossRef]

Moss, T.; Hawkins, T.; Burrell, G. Use of plasma edge reflection measurements in the study of semiconductors.
J. Phys. C Solid State Phys. 1968, 1, 1435. [CrossRef]

He, W.; Yurkevich, 1.V,; Canham, L.T.; Loni, A.; Kaplan, A. Determination of excitation profile and dielectric
function spatial nonuniformity in porous silicon by using WKB approach. Opt. Express 2014, 22, 27123-27135.
[CrossRef]

Zakar, A.; Wu, R.; Chekulaev, D.; Zerova, V.; He, W.; Canham, L.; Kaplan, A. Carrier dynamics and surface
vibration-assisted Auger recombination in porous silicon. Phys. Rev. B 2018, 97, 155203. [CrossRef]

He, W.; Wu, R,; Yurkevich, I.V,; Canham, L.; Kaplan, A. Reconstructing charge-carrier dynamics in porous
silicon membranes from time-resolved interferometric measurements. Sci. Rep. 2018, 8, 17172. [CrossRef]
Roger, T.; He, W.; Yurkevich, I.V,; Kaplan, A. Enhanced carrier-carrier interaction in optically pumped
hydrogenated nanocrystalline silicon. Appl. Phys. Lett. 2012, 101, 141904. [CrossRef]

Fang, Y.; Yang, |.; Xiao, Z.; Zhang, J.; Chen, Y.; Wu, Q.; Song, Y. Ultrafast all-optical modulation in Fe-doped
GaN at 1.31 and 1.55 ym with high contrast and ultralow power. Appl. Phys. Lett. 2017, 110, 161902.
[CrossRef]

Hynecek, J. Method and Apparatus for Using Surface Trap Recombination in Solid State Imaging Devices.
U.S. Patent 4,679,212, 7 July 1987.

Bazin, A.; Lenglé, K.; Gay, M.; Monnier, P.; Bramerie, L.; Braive, R.; Beaudoin, G.; Sagnes, I.; Raj, R.; Raineri, F.
Ultrafast all-optical switching and error-free 10 Gbit/s wavelength conversion in hybrid InP-silicon on
insulator nanocavities using surface quantum wells. Appl. Phys. Lett. 2014, 104, 011102. [CrossRef]
Nozaki, K.; Tanabe, T.; Shinya, A.; Matsuo, S.; Sato, T.; Taniyama, H.; Notomi, M. Sub-femtojoule all-optical
switching using a photonic-crystal nanocavity. Nat. Photonics 2010, 4, 477. [CrossRef]

Barreto, J.; Roger, T.; Kaplan, A. Resolving the ultrafast dynamics of charge carriers in nanocomposites.
Appl. Phys. Lett. 2012, 100, 241906. [CrossRef]


http://dx.doi.org/10.1364/OL.30.002403
http://www.ncbi.nlm.nih.gov/pubmed/16196333
http://dx.doi.org/10.1038/nature02921
http://dx.doi.org/10.1063/1.2431767
http://dx.doi.org/10.1038/nphoton.2010.171
http://dx.doi.org/10.1038/srep30211
http://www.ncbi.nlm.nih.gov/pubmed/27440224
http://dx.doi.org/10.1109/JPHOT.2011.2171930
http://dx.doi.org/10.1364/OL.40.000268
http://dx.doi.org/10.1007/s00339-008-4676-y
http://dx.doi.org/10.1088/1464-4258/3/6/362
http://dx.doi.org/10.3390/app8101810
http://dx.doi.org/10.1088/0022-3719/1/5/333
http://dx.doi.org/10.1364/OE.22.027123
http://dx.doi.org/10.1103/PhysRevB.97.155203
http://dx.doi.org/10.1038/s41598-018-35210-z
http://dx.doi.org/10.1063/1.4755760
http://dx.doi.org/10.1063/1.4980090
http://dx.doi.org/10.1063/1.4861121
http://dx.doi.org/10.1038/nphoton.2010.89
http://dx.doi.org/10.1063/1.4728120

Appl. Sci. 2019, 9, 1808 10 of 10

34. Jung, C.; Yee, S.; Kuhn, K. Electro-optic modulator based on surface plasmon resonance. Appl. Opt. 1995,
34, 946. [CrossRef]

35. Zakar, A.; Park, S.; Zerova, V.; Kaplan, A.; Canham, L.T.; Lewis, K.; Burgess, C. MWIR optical modulation
using structured silicon membranes. Emerg. Imaging Sens. Technol. 2016, 9992, 999203.

® (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1364/AO.34.000946
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Methods and Samples
	Optical Model
	Wavelength Dependence and Ultrafast Temporal Response of Optically-Pumped Membranes
	Demonstration of the Ultrafast Switching
	Conclusions
	References

