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Abstract: Nonlinear silicon photonics offers unique abilities to generate, manipulate and detect
optical signals in nano-devices, with applications based on field localization and large third order
nonlinearity. However, at the nanoscale, inefficient nonlinear processes, absorption, and the lack
of realistic models limit the nano-engineering of silicon. Here we report measurements of second
and third harmonic generation from undoped silicon membranes. Using experimental results
and simulations we identify the effective mass of valence electrons, which determines second
harmonic generation efficiency, and oscillator parameters that control third order processes.
We can then accurately predict the nonlinear optical properties of complex structures, without
introducing and artificially separating the effective y® into surface and volume contributions,
and by simultaneously including effects of linear and nonlinear dispersions. Our results suggest
that judicious exploitation of the nonlinear dispersion of ordinary semiconductors can provide
reasonable nonlinear efficiencies and transformational device physics well into the UV range.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Recent years have witnessed impressive progress in the development of functional, nonlinear
silicon photonic devices whose manufacture has been enabled by progress in nano-fabrication
techniques [1]. These devices can emit light, modulate signals electro-optically and process data
at speeds higher than electronic chips, and they are highly compatible with CMOS technology at
low cost [2,3]. Applications include frequency conversion [4], optical switches and modulators
[5], high-speed optical signal processing [6—8], optical sensing [9], integrated quantum photonic
circuits [10]. Understanding how light interacts at the nanometer scale with semiconductors,
silicon in particular, is crucial in any device engineering effort, especially in new, highly-
dispersive/absorptive wavelength ranges, where light-matter interactions can display new physical
phenomena that may not be explained by conventional approaches and approximations.

Harmonic generation is one of the most fundamental processes in nonlinear optics. Traditionally,
second and third harmonic generation (SHG and THG) have been studied in transparent materials
and under phase matching conditions, mostly in search of large conversion efficiencies. Under
the most common scenarios, the dominant nonlinear polarization term is the bulk electric dipole
contribution, as exemplified by the nonlinear susceptibilities ¥* and ¥®. However, at the
nanoscale bulk interactions are minimized and scenarios altered: surface, quadrupole-like and
magnetic nonlinear sources can dominate second order interactions, while third order effects may
be triggered or assisted by cascading or higher order nonlinearities.

Silicon is an example of a centrosymmetric material, where the bulk electric dipole contribution
is absent. SHG in media with inversion symmetry has been studied since the early days of
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nonlinear optics. One of the first detailed theoretical discussions of surface SHG emanating from
quadrupole-like and magnetic dipole terms is found in [11]. In [12], reflected SHG was discussed
in the context of a thin slab of crystalline silicon. In [13], a study of SHG was performed on
crystalline silicon samples having different crystallographic orientations. Additional studies of
THG were carried out in the years that ensued [14—16]. More recently, researchers have taken
measures to overcome the absence of a x> term by depositing either straining layers on top of
the silicon [17,18], or by using another x® nonlinear electro-optic active material as a cladding
[19]. Studies on THG from silicon samples having different geometries have also been carried
out with the aim to enhance the harmonic signal [20-23].

Most current theoretical models of SHG rely on the description of the bulk parameters and
on the introduction of phenomenological or effective surface parameters, as shown in Refs.
[24,25]. However, while harmonic generation triggered by surface and magnetic nonlinearities is
always present in all materials, they are preemptively neglected in most theoretical descriptions
of metasurfaces and other nanometric structures in favor of bulk, dipolar ¥ without properly
assessing their relevance. In addition, typical approaches focus on an instantaneous medium
response that lacks a detailed dynamical description of light-matter interactions, that ultimately
neglect aspects relating to the microscopic origin of the generated signals, temporal dynamics,
the presence of nonlinear dispersion and competing nonlinearities, possible contributions beyond
the third order nonlinearity, pump depletion, and frequency down-conversion. At the nanoscale,
these phenomena compete and can even overcome the bulk contribution, and thus require special
attention.

In what follows we present experimental measurements of the spectral response and angular
dependence of transmitted SHG and THG from crystalline silicon membranes in the visible and
UV ranges. Measurements are compared with numerical results predicted by our theoretical
hydrodynamic-Maxwell model, which accounts for the aforementioned phenomena and uses
as starting point the approach outlined in Refs. [26-28], implements the diverse possible
contributions to the nonlinear polarization, and yields unprecedented agreement with experimental
observations. The method allows us to identify, distinguish and explain the different nonlinear
contributions to the harmonics generated by silicon at the nanoscale at visible and UV wavelengths.
We measure and estimate the efficiency of the nonlinear signal making no assumptions about
effective surface or volume nonlinearities. The only free parameters present in the model are (1):
the effective mass of bound electrons, which determines SHG triggered by symmetry breaking
at the surface (i.e. spatial derivatives of the electric field,) and by the magnetic Lorentz force,
which can act as a catalyst; and (2) the strength of the cubic nonlinearity, which accounts for
nonlinear material dispersion, i.e. )(S )(w) and ngz (w).

2. Experimental setup

The setup used to measure SH and TH signals in transmission is shown in Fig. 1(a). An amplified
Ti:Sapphire laser system (Coherent Astrella) pumping an optical parametric amplifier (OPA)
(Coherent Opera Solo) is used as a source of tunable femtosecond pulses. Residual SH and TH
beams are filtered out of the OPA beam using both dielectric and color glass filters placed before
the sample. Neutral density filters and a pair of crossed polarizers adjusted the pump power,
while a third polarizer in the detection arm selected the harmonic signal polarization. A pair
of calcium fluoride lenses focused the pump and collected the harmonic beams. A mirror on a
flip mount allowed the selection of either a calibrated silicon photodiode, or a more sensitive
photomultiplier tube (PMT), to enable easy measurements of the responsivity of the system. This
calibration allows calculation of the efficiency of the energy transferred into the harmonic beams
using the responsivity and transmission or reflection of the optics. The electronic signal from the
PMT was filtered and amplified by a low-noise preamplifier before being measured with a digital
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oscilloscope connected to a computer. Our setup can accurately detect harmonic conversion
efficiencies as low as 10713,
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Fig. 1. (a) Experimental setup developed to measure second and third harmonic signals
from the silicon membranes as a function of angle of incidence, polarization and pump
wavelength. By carefully choosing the filters before and after the sample, we are able to
filter harmonic signals coming from previous elements of the setup and attenuate the pump
radiation such that the only signal detected at the PMT/Photodiode is either SH or TH
generated by the sample. (b) Real (blue circle markers) and imaginary (red square markers)
parts of the complex dielectric constant of silicon found in Palik’s handbook [32]. The
respective solid curves are the corresponding Lorentzian functions chosen to reproduce the
data. (c) The sample is a single-crystal undoped <100 > silicon membrane suspended over a
frame.

The samples were mounted on a custom goniometer with six degrees of freedom, and the angle
of incidence could be adjusted using a motorized rotation stage connected to the same computer.
For each point in the pump wavelength sweeps, the pump wavelength was changed manually, the
laser energy adjusted to compensate for the wavelength-dependent OPA efficiency, and a separate
responsivity value was used. Although measurements like these typically use a prism and slit
to reduce the number of filters needed to remove the pump beam [29-31], alignment with a
multi-wavelength system and pump-wavelength sweeps would be difficult with this configuration.
Instead, several filters were used to remove the unwanted beams, and the filter choice was crucial.
Dielectric filters were often found to generate their own harmonic signature, so they were always
used in conjunction with colored glass filters, and the total optical density for all filters must
exceed the harmonic generation efficiency to ensure there is no pump leakage through the filters.
For the SH measurements, band pass filters and colored glass filters removed the pump beam,
TH beam, and any other optical noise. If the TH wavelength was tuned in the visible region,
only color glass filters were used to enable sweeping the pump wavelength in finer steps than
would be possible with band pass filters. However, the TH results were confirmed with band
pass filters when the harmonic wavelength allowed. For third harmonics found in the UV region,
band pass filters were used, and the wavelength was not swept because of a decreased sensitivity
of the PMT. The membranes, sketched in Fig. 1(c), were purchased from Norcada (Alberta,
Canada) and consist of 200nm- and 1340nm-thick <100 > silicon membranes etched out of
silicon wafers. The linear dielectric constant of undoped crystalline silicon (Fig. 1(b)) displays
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two prominent resonances in the UV range that are fitted using two separate Lorentzian functions
(also shown in Fig. 1(b)), appropriately detuned, and having different plasma frequencies and
damping coeflicients.

In Fig. 2(a) we display linear pump transmittance vs. incident carrier wavelength for 200nm-
and 1340nm-thick membranes. The spectra consists of a series of Fabry-Perot resonances whose
free spectral range depends on thickness. In Fig. 2(b) we show the transmittance around the
1400nm resonance peak, when low-intensity, 100fs pulses are injected normal to the surface of
the 1340nm-thick membrane. Simulations and measurements of the linear transmittance agree
well in terms of amplitude and peak location.
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Fig. 2. (a) Transmittance vs incident pump wavelength for the 200nm- and 1340nm-thick
Si membranes. Both samples display Fabry-Perot resonances according to their thicknesses.
(b) Pump transmittance vs. carrier wavelength for normally incident 100fs pulses tuned
near the 1400nm resonance wavelength for the 1340nm-thick membrane. The dashed curve
represents data extracted from the simulations, while the solid markers denote measurements.
3. Results

In this section we show our experimental results regarding the nonlinear behavior of the two
silicon membranes, and compare them with the predictions of our simulations. The theoretical
approach that we pursue thus includes two separate bound electron species, as shown in Fig. 1(b).
We do not consider contributions from conduction electrons or holes because we assume the
medium is undoped (doping densities < 10'*cm™>) and pumping occurs at wavelengths that
correspond to energies below what is required to excite valence electrons into the conduction
band. We first recorded transmitted SHG and THG efliciencies as functions of incident carrier
wavelength and angle for the 1340nm-thick membrane. TM-polarized SH and TH signals were
detected for input TM polarization for incident peak power densities that ranged from 1.5GW/cm?
to 15GW/cm?. THG data are shown in Fig. 3(a), where we report the spectral response for normal
and oblique angles of incidence. A maximum THG efficiency of 2 x 107 is obtained at 466nm,
with the pump tuned to 1400nm at normal incidence. Simulations and measurements agree
well in terms of amplitude and peak location. The agreement between theory and experimental
observations evident in Fig. 3(a) repeats in Fig. 3(b), where we show the angular response of the
TH signal when tuned to the peak of transmission located near 1400nm. Other spectral locations
that were tested yielded similar degree of agreement between simulation and measurement.
The predicted and observed angular dependence and conversion efficiencies of the generated
SH signal are depicted in Figs. 4(a)-(c) for three different carrier wavelengths. An incident pulse
having peak power density of approximately 15GW/cm? generates SH signals with maxima
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Fig. 3. (a) Measured and simulated THG spectra for the 1340nm-thick membrane.

Markers exemplify the data obtained at 0° (filled blue circles) and 45° (filled red squares);
corresponding simulations for 0° (dashed blue curve) and 45° (dashed red curve). (b)
Transmitted THG conversion efficiency vs incident angle for the 1340nm-thick membrane.
The carrier wavelength of incident pulses is tuned near the peak of transmission located at
1400 nm.

peaking between 65° and 70°, and conversion efficiencies of order 10712, This response is
more than two orders of magnitude weaker compared to the response observed in a noble metal
like gold [30]. Using our model, we estimate it to be about the same as that of an isotropic,
centrosymmetric glass like fused silica. According to the hydrodynamic-Maxwell approach
outlined in Refs. [26-29] and in the appendix, SHG conversion efficiencies are completely
determined by the spatial derivatives of the electric field, and by the magnetic component of
the Lorentz force, which is intrinsically nonlinear but is almost never explicitly and specifically
discussed. Each of these terms multiplies identical coefficients that are inversely proportional to a
single unknown parameter, i.e., the effective mass of bound electrons. Therefore, it is reasonable
to conclude that by matching the simulated and measured conversion efficiencies, the model
should allow us to estimate the effective mass of valence electrons. We note that these electrons
are almost never discussed in the context of the physics of semiconductors, which emphasize the
excitation of valence electrons into the conduction band and the holes that they leave behind. If
these dynamics were to occur by appropriately doping the material, it would significantly change
the dielectric response depicted in Fig. 1. Accordingly, one could then modify the model by
introducing Drude-like contributions from both free (negative) electrons and (positive) holes,
each with their respective physical properties, and expect the manifestation of new phenomena.

The presence of the magnetic component of the Lorentz force is essential when the pump
is TE-polarized, and can act like a powerful catalyst when the field is TM-polarized. In fact,
in centrosymmetric systems having two-dimensional symmetry, like those we have studied, a

TE-polarized pump generates a TM-polarized SH signal. The pivotal terms that make this

ed,

possible are found only in the magnetic component of the Lorentz force, i.e., pr/ x H. For
bj

TM-polarized pumps, calculations clearly show that while the individual surface component may
yield several orders of magnitude more SH signal than the magnetic Lorentz term, their combined
effect can impact both quantitative and qualitative aspects of the interaction. This situation is
depicted in Fig. 4(d). SHG triggered only by the magnetic term is two orders of magnitude
smaller than the SH signals generated only by the surface term, and barely visible on the plot.
Nevertheless, when both terms are present (solid curves) the peak transmitted SH signal suffers a
near-20% reduction compared to what is generated by the surface, while the reflected SH peak
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Fig. 4. Angular dependence of transmitted SHG for incident pulses tuned to: (a) 1300 nm,
(b) 1400 nm, and (c) 1500nm. The shapes of each of the curves is sensitive to tuning.
The responses are classic examples of SHG from a centrosymmetric medium. (d) SHG
calculated by selectively suppressing either the surface or the magnetic Lorentz terms, using
100fs pulses having peak power density 1.5 GW/cm?. SHG triggered by the magnetic term
(solid curves), by the surface term (dashed curves), and when both terms are present (solid
markers). The total transmitted SH signal decreases by nearly 20% compared to what only
the surface yields, while the reflected SH peak shifts by approximately 5° when both terms
are included.

shifts to smaller angles by a measurable amount. Hence the attribution of catalytic action on the
magnetic Lorentz term. The dynamical implications of these results cannot be overstated, and
strongly caution against the mere separation of effective “surface” and “volume” nonlinearities,
or the neglect of the magnetic Lorentz force because by itself it would seem to yield a SH signal
that may appear to be too small to matter. Comparison of measurements and simulations suggest
moy* ~ 2.5m,, where m, is the free electron mass. Of course, these circumstances are unique to
silicon and the geometry under consideration, may change accordingly, and should be assessed in
a case-by-case basis.

The second set of measurements consisted of detecting THG efficiencies carried out on a
~200nm-thick silicon membrane. This sample gives us the opportunity to directly address the
nanoscale, and to simultaneously investigate THG in a cavity environment in the UV range,
where nonlinear dispersion, absorption, and phase-locking come robustly into play [28,31,33].
In Fig. 5(a) we show the linear transmission spectrum at normal incidence for this sample (right
y-axis), along with both measured and simulated transmitted THG spectra for normal and oblique
angles of incidence. In Figs. 5(b)—(d) we display the angular dependence of the TH signal on the
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Fig. 5. (a) Measured and simulated THG spectra for a suspended, 200nm-thick silicon
membrane. The markers exemplify the data obtained at 0° (filled blue circles) and 45° (filled
red squares); corresponding simulations for 0° (dashed blue curve) and 45° (dashed red
curve). The dashed black curve is the measured transmittance from the sample at normal
incidence. (b) Measured and simulated angular response of the TH signal for 100fs pulses
tuned to 1000 nm, where a minimum of THG is predicted. (c) and (d) Same as (b), with the
pump tuned to 810 nm and 900 nm, respectively. The beam spills outside the membrane and
into the substrate if the incident angle is larger than approximately 70°, drastically reducing
overall transmittance from the sample. The simulations are performed without the substrate.

angle of incidence when the pulse carrier wavelength is tuned to 1000nm (b), at the bottom of the
transmission curve, as well as 810nm (c), and 900nm (d). The sharp drops that the observed TH
signal display in Figs. 5(b)—(d) occurs because the incident beam impinges on the substrate, with
subsequent precipitous reduction in transmittance. The aperture of the 200nm-thick membrane
is smaller compared to that of the 1340nm-thick sample, thus restricting the range of incident
angles we can investigate without having the laser beam clipped by the membrane aperture. For
simplicity, the simulations do not take the substrate into account. Worthy of note is the fact that
the 200nm-thick membrane is at least five times more efficient than the thicker counterpart in
Fig. 3(a), and that conversion efficiencies are still relatively large even when the TH signal is
tuned to 270nm. Predicted and observed data display remarkable agreement in the wavelength
range above 300nm, which is unprecedented based on the results available in the literature, a fact
that gives us enough confidence about our understanding of the processes that play a role on
and off-resonance, as well as our theoretical approach. However, we remark that in Fig. 5(a),
on-axis THG predictions below 300nm have the right trend but are somewhat lower than our
experimental observations. This is likely partially due to the imperfect Lorentzian fit depicted in
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Fig. 1(b), where a shallow, rudimentary shoulder of a third resonance is barely discernable. This,
combined with the fact that conversion efficiency is inversely proportional to the fourth power of
the number density and lattice constant (see Appendix), and the possibility that the third order
coefficient may also be somewhat dispersive and geometry dependent, can account for stronger
nonlinear gain. As a result, Figs. 5(c) and 5(d) were obtained by slightly increasing the nonlinear
gain coeflicient to approximately match observed conversion efficiencies. This action leaves the
shape of the curves unaffected.

4. Conclusion

In summary, we have studied nonlinear frequency conversion in suspended silicon membranes
of 200nm- and 1340nm-thick, in the visible and UV ranges, in regimes where silicon tends
to be opaque, and where nonlinear dispersion and phase-locking dominate the dynamics. Our
theoretical approach, based on the hydrodynamic-Maxwell model, is in remarkable agreement
with measured results, and sheds light on the dynamical aspects of surface, second order
phenomena, as well as third order nonlinearities. The identification of basic parameters like
the effective mass of bound electrons, which drives SHG, and nonlinear oscillator parameters,
which control THG, will allow us to make accurate predictions about conversion efficiencies in
more complicated geometrical arrangements. Our results thus suggest that the entire UV range is
available for the development of relatively efficient light sources.

5. Appendix

We consider two bound electron species having different effective plasma frequencies and
damping. While we refer the reader to Refs. [26-29] for details, here we limit ourselves to
reproducing the basic material equations of motion and to briefly discuss their content:

Py + P + @2, Pri — fi(Py; @ Pp)P, no””'ezﬂgl«: Ay (P, @ V)E Ay P, xH (1
i+ Vi Prj + @ Pri — Bi(Pp; 0 Ppy)Py; = + ;o + ——=Py x
bj T VbiE by 0,5 % bi IBJ bj bj )X bj mzjcz chz bj chz bj (1)

Py, is the bound polarization, j = 1,2 represent two separate atomic species. The total polarization
inserted into Maxwell’s equation is the vector sum Py, = Pp; + Ppp. Spatial and temporal
derivatives are performed with respect to the following scaled coordinates:t = ct/dp; X, §, Z =
x/Ao, y/do, z/Ao, Wwhere 1o = 1um is a convenient reference wavelength, and c is the speed of
light in vacuum. Equation (1) does not include a second order bulk nonlinearity because silicon is
centrosymmetric, although its inclusion is straightforward for non-centrosymmetric materials [31].
If we consider only the linear terms and take the Fourier transform of Eq. gl), we recover the local,

~ ~2
Ll)p 1 (Upz

linear dielectric response, which may be written as: (@) = 1 - ——="—— - —F—=——,

(O ~0f +ivp1 @) (@2=@f,+iTpd)
with ((I)pl, @yy> Yo1) = (3, 2.75, 0.1) and (J)pz,d)oz,i/bz) = (11, 3.3, 0.75). The magnitude of
the dielectric constant is never explicitly stated, but may be determined via Eqgs. (1) if so desired

[29]. The parameter f3; ~ w(z)’bjﬂ(z) / (LG(z)bjezcz) may be derived from the nonlinear oscillator

model under consideration. THG conversion efficiency is proportional to 57 ~ (L4n3bj)‘1. While

for our purposes it may suffice to assume that Bj is constant, and that 3; ~ 3, since the resonances
are closely spaced, in reality the two electron species probably have different densities and
electron masses, oy and Myis respectively. From a classical point of view, L represents the taut
length of a spring, but it also embodies the approximate lattice constant, or the diameter of the
participating orbital [34]. Combining these parameters, we obtain Bj ~ 1.5x 1078, which leads to

XS )~ 10718 and )(Sj ~ 1078, We remark that the magnitude of ,83 is inversely proportional to
the square of both particle density and lattice constant, and may also be dispersive and depend on
shape factors dictated by the geometry. In addition, an improved Lorentzian fit of the dielectric
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constant with an additional resonance below 300nm can affect its magnitude. As a result, a more
realistic view is that the magnitude of §; is in fact somewhat flexible.

A . Ay 4 R
Surface %(ij ¢ V)E and magnetic Lorentz nf*_gZPb/ x H contributions, as well as the bulk
bj bj

nonlinearity ﬁj(ij ¢ P;,;)P;;, are fully expanded in their fundamental and harmonic components,
yielding dozens of terms that fully account for pump depletion and up- and down-conversion
contributions. We point out that the high local field intensities that develop in Mie resonances of
the type discussed in Ref. [28] may require the addition of higher order nonlinear contributions.
For instance, for the nanowire metasurface in question the local electric and magnetic field
intensities may be amplified in excess of two and three orders of magnitude, respectively. As
a result, instead of the term ,8}(Phj e P;;)P;; one may adopt an expansion of the nonlinearity
that includes additional orders, for instance, ﬁj(P e P)P — (:)j(P e PP + Aj(P e PYP. It is

straightforward to show that (:)j = nz'f—szz, Aj = n;f—_{ﬁ, and that each of these terms contributes to

the total y® response. Our parameter choice yields ; ~ 10717 and A; ~ 1072, Examples of just

a few of the many non-instantaneous terms contributing to the full XS ) response are proportional

t0 Bj|Pey|*Pey, ©|P |*P,y, and A;|P,|9P,,. Similarly, some of the terms contributing to )(Sj are

proportional to Eij3, (:)j|Pa, |2P,,3, Aj|Pm |*P,,>. The difference then becomes evident, between
the approach exemplified by Eq. (1), and any other method that makes the assumption that the
entire third order response may be summarized by instantaneous terms like y®|E,, |?E,, and

X§2Ew3, which do not account for dynamical consequences of explicitly introducing higher order
nonlinearities, and specifically elude proper accounting of nonlinear dispersion.
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