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Abstract: The picosecond dynamics of excited charge carriers in the silicon substrate of THz
metamaterial antennas was studied at different wavelengths. Time-resolved THz pump-THz
probe spectroscopy was performed with light from a tunable free electron laser in the 9.3-16.7
THz frequency range using fluences of 2—12 J/m”. Depending on the excitation wavelength
with respect to the resonance center, transient transmission increase, decrease, or a combination
of both was observed. The transient transmission changes can be explained by local electric
field enhancement, which induces impact ionization in the silicon substrate, increasing the
local number of charge carriers by several orders of magnitude, and their subsequent diffusion
and recombination. The studied metamaterials can be integrated with common semiconductor
devices and can potentially be used in sensing applications and THz energy harvesting.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The electromagnetic properties of metamaterials (MM) depend on the size and periodic ar-
rangement of the components [1-3]. The building blocks of terahertz (THz) MMs, operating
in the 0.5-15 THz range, have typical sizes of a few to hundreds of micrometres. In this size
range photolithography is a mature fabrication technology. By changing the size and shape of
the components, their environment, and the proximity of the neighbouring components; the
resonance frequency, bandwidth and the resonance type can be tuned [4-6]. For example, dipole
antennas interact strongly with the electric field, while split rings resonate with magnetic fields
[7-9].

The THz range, with frequencies in between high frequency electronics (GHz, radio waves)
and photonics (from infrared to near UV), is still relatively unexplored. The development of THz
radiation sources has greatly advanced the last decades due to optical rectification and optically
pumped sources [10—-12], while short high-power laser pulses with a large tunable range are
still only achievable through vacuum electronics, e.g. free electron lasers. THz frequencies
are particularly well suited for research of MMs and THz MM technology, where absorbers,
detectors, and modulators have been developed in the last decades [13—15]. Bridging the THz
gap may bring great advances to different areas, ranging from basic research in physics and
astronomy to medical imaging, telecommunication, single electron control in nanostructures, and
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even the construction sector [13,16]. In particular, THz MMs could be used in the field of energy
harvesting since objects above 50 K radiate in the THz range and THz radiation surrounds us in
great quantities and in the field of telecommunication because their frequencies allow for the
transmission of high-density data streams [3,14,17-20].

Many of the applications listed above are based on nonlinear effects induced by field enhance-
ment (FE) in a semiconducting substrate or inter-antenna nonlinear materials. The FE results
from the confinement of the incident electromagnetic fields by the MMs structures. Knowledge
about the dynamical processes induced by the FE are important for the design and construction
of MMs with improved tunability of their ultrafast properties [3,14,17,21]. In particular, it was
shown that THz FE can induce strong charge carrier multiplication in semiconducting materials
such as GaAs and silicon [18,19,22,23], which is relevant for photovoltaics, luminescent emitters,
and photon detectors. THz spectroscopy is a powerful technique with high potential to study the
effect of FE induced nonlinearities on the optical properties of THz MMs [18,24], but has so far
only been limited to broadband excitation and short timescales (few ps only). Knowledge about
the FE effects in MM is important to avoid high energy electron-induced melting and damage
caused by electromigration [25].

Not only the excitation dynamics but also the subsequent carrier relaxation processes, taking
place on time scales ranging from less than a picosecond (e.g., electron-electron scattering)
to several nanoseconds (bulk electron-hole recombination), are not fully understood. THz
pump-THz probe transient transmission spectroscopy, carried out in a broad spectral range around
the resonance frequency, can be instrumental in this respect. The development of evermore
powerful and faster THz coherent sources, e.g. free electron lasers (FELs), enables the study of
the relaxation phenomena and transient effects in nonlinear MMs in a broad spectral range with
high temporal resolution [10]. Because of the low availability of THz sources, the potential of
THz pump/probe spectroscopy has so far not been fully exploited.

In this work, we study cut-wire (CW) MMs consisting of micrometer sized antennas arranged
in a rectangular lattice on top of a boron doped Si substrate. The picosecond (ps) dynamic of a
MM is, for the first time, probed by THz pump/THz probe spectroscopy at different wavelengths
across the broad transmission gap of the MMs. In combination with electromagnetic simulations,
those experiments provide insight in the underlying causes of the transient transmission.

2. Experimental and computational methodology

The transient transmission of the samples was investigated with THz three beam pump-probe
spectroscopy (TPPS). Those experiments were carried out at the Free Electron Lasers for Infrared
eXperiments (FELIX) laboratory, Nijmegen, the Netherlands [26]. FELIX is continuously
tunable in the 3—100 um spectral range, of which the 18-38 um range was used for the current
experiments. The output of the free electron laser consists of 8 us long macropulses with a
repetition frequency of 10 Hz. Each macropulse consists of a train of micropulses that have a
duration of 5-10 ps, corresponding to a spectral width of ~0.5% in the 18-38 um range (the
micropulses are transform limited), with a repetition frequency of 25 MHz. The experiments are
performed with a single micropulse, which has a fluence in the range of 2—12 J/m? delivered in 8
ps [26]. It was shown that a fluence of about 20 J/m?, which is above the maximal fluence used
in the current study, can generate ripples in a silicon surface [27].

The three laser pulses (pump, probe, and reference) originate from the same micropulse. As
illustrated in Fig. 1, a first beam splitter splits off 90% of the pulse energy creating the pump beam.
The remaining 10% is split into two identical pulses, the probe and the reference, which are
separated in time by half of the micropulse repetition period (i.e., 20 ns). The pump-probe delay is
tunable from —200 to 800 ps. The reference beam is used to balance out pulse-to-pulse fluctuations
in the laser power and spatial beam profile, increasing the sensitivity of the measurements. The
three beams are focused on the sample using a parabolic mirror with a focal length of 152 mm,



Research Article Vol. 29, No. 1/4 January 2021/ Optics Express 172 |

Optics EXPRESS

and a pinhole is used to ensure a good overlap of the three beams. The balanced bolometer
converts the relative probe to reference transmission into a voltage. The strong pump pulse
excites the CW antennas and a delayed probe pulse monitors the transmission as a function of
the pump-probe delay time. A negative (positive) probe transmission, relative to the reference
transmission, implies that the pump beam has induced a transient decrease (increase) of the
sample transmission. This approach implicitly assumes that the initial situation is recovered 20 ns
after the pump beam passed through the sample, which is confirmed by the pump-probe dynamics
at negative times (if the probe arrives prior to the pump, an unperturbed state of the sample is
observed) and by the absence of long term drifts. It is important to mention that there was no
damage seen after the experiments upon inspection of the samples with optical microscopy, even
at the highest pump fluence.

Delay stage At Balanced
detector
FELIX i At |
, Pump
BS
Sample
Fixed BS Ref| Probe
Probe 20 ns
20 ns delay Ref
L

Fig. 1. Schematic view of the pump-probe setup. It shows how the three beams (pump,
probe, and reference) are derived from single FELIX pulse, and arranged to reach the sample
with desired time delays between each other. BS refers to beam splitter.

The finite integration simulation technique embedded in CST Microwave Studio software was
used to compute the dipole resonance [28]. The simulations were performed using the time
domain solver for 3.5 ns, with periodic boundaries applied for the H and E directions, while
the propagation direction k of the incident electromagnetic wave is kept perpendicular to the
sample plane. The modelled silicon substrate was 200 um thick, which is thick enough to avoid
Fabry-Perot interference that tampers with the calculated spectra.

3. Results

Figure 2 shows the transmittance spectrum of the sample, measured with light polarised along the
long axis of the antennas and normalised for the transmission of the bare silicon substrate. The
linear transmittance spectrum shows a broad transmission gap from 17 to 32 um with a minimum
around 23 pm.

For antennas with negligible neighbour interaction, their dipole resonance wavelengths, which
can be approximated as the transmittance minima, follow the antenna resonance equation
[5,29-31]:

Ares =2~ e L ey

with L the length of the antenna and n.z the effective refraction index of the cut wires’ environment.
nes depends on the dielectric constant of the substrate gy, via:

Neff = \/g = V(l + Ssub)/z ()

The resonance frequency thus depends on the dielectric properties of the silicon substrate,
which change upon exposure to an intense electric field.
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Fig. 2. Experimental (measured using a FTIR setup, Bruker V80) and simulated transmit-
tance spectra of the CW metamaterial sample with 4x1 pmz antennas and a 9x5 pmz unit
cell. The left inset is a schematic cross section (not drawn to scale) of the sample and the
right inset is a picture of the sample. Labels I, II, and III denote regions of the spectra with
different transient behaviour.

Using Eqgs. (1) and (2) to fit FTIR transmission data for samples with antennas sizes ranging
from 1 to 15um (see Fig. S1 in the Supplement 1), a refractive index for the substrate
nsub = 3.26 £ 0.09 is found, close to the reported value of 3.417 for wavelengths around 20 um
[32]. This interpretation ignores the dependence of the wavelength (and the width) of the
resonance on the coupling interaction between neighbouring CW antennas, which is small for
this geometry according to the simulations. The measured static transmittance spectrum is in
outstanding agreement with the spectrum from electromagnetic simulations (red dashed line in
Fig. 2).

Figure 3 shows the transient probe transmission of the samples (relative to the reference) in
the range from —100 to 650/550 ps at three different wavelengths. The results of experiments
performed at additional wavelengths are available as Supplement 1 (Fig. S2). The fast oscillations
observed during the first ~15 ps of recorded signal are atributed to the interference of standing
waves formed by the incoming and reflected laser pulses, optical autocorrelation, and are ignored
in the forthcoming interpretation.

On the blue and center side of the transmittance minimum (e.g. 23 um excitation wavelength in
Fig. 3(a)), a transient transmission increase is observed that lasts several hundreds of picoseconds.
At the far red side of the resonance center (Fig. 3(c) at 32 um), there is a transient transmission
decrease. In the spectral range at the red side, but closer to resonance center (Fig. 3(b) at 27.5
um), the behavior is mixed: there is an initial decrease in the transmission (first ~50 ps) followed
by a transmission increase before decaying to the original level. Those three types of transient
transmission behavior divide the spectral range in three zones, labelled as I, I, and III in Fig. 2.
Also in other samples with different CW dimensions; 2.5x1, 7x1 and 9x1 pmz; exibiting antenna
resonance wavelengths at 17, 35 and 44.5 um, respectively, similar behavior was observed (see
Supplement 1 Fig. S3, S4 and S5).

The observed wavelength dependence in the transmission change can be explained in the
following way. The pump pulse induces changes in the system that are reflected in a transient
change of the wavelength and intensity of the antenna resonance. As will be explained in more
detail in the discussion section, neither a red shift nor a change in the spectral width alone is
sufficient to explain the observed dynamics, but a combination of both effects is. It is important
to stress that pump and probe laser pulses always have the same wavelength, since they come
from the same laser pulse. This means that for each probed wavelength, the pump was different.
While the exact wavelength of the pump is not changing the nature of the phenomena taking place


https://doi.org/10.6084/m9.figshare.13348235
https://doi.org/10.6084/m9.figshare.13348235
https://doi.org/10.6084/m9.figshare.13348235

Research Article Vol. 29, No. 1/4 January 2021/ Optics Express 174 |

Optics EXPRESS

-
1

[
Y
1

Transmission change in %
o
1

WP AT oy Vo

Bare Si substrate

0 200 400 690

0 200 400 600
Time (ps)

Fig. 3. Transient transmission change following excitation at (a) 23 um with a 8 J/m? fluence,
(b) 27.5 pm with a 11 J/m? fluence and ()32 um with a 8 J/m? fluence. The inset in panel
¢) presents a TPSS measurement for a bare silicon substrate (32 um with 5 J/m? fluence)
without gold antennas. This reference measurement does not show transient transmission
dynamics asides from a signal in the first 15 ps that is caused by optical autocorrelation of
the probe pulse.

(i.e. impact ionization, explained in the discussion section), the FE changes with the excitation
wavelength. The wavelength dependence is related to proximity of the excitation wavelength to
the resonance center. To have comparable excitation conditions at different excitation wavelengths,
the laser pulse energy was adjusted. Within the used range, the sample response increases
monotonically with the laser fluence (see Supplement 1 Fig. S6), allowing for rescaling the
measured signal.

4. Discussion

For wavelengths within the broad transmission gap of the MM, the electromagnetic field of the
pump pulse causes oscillation of the free electrons of the antenna, which enhances the impinging
electric field. This enhanced electric field penetrates the Si substrate and may, if it is strong
enough, induce an amplification of the conduction band charge carriers. Such an increase of the
charge carriers in silicon, changes its optical and electrical properties (i.e. refractive index and
conductivity) and thereby the antenna resonance wavelength and width (see Eqgs. (1) and (2)).
The change of the optical properties of the system can be detected as a transient transmission.
The FE factor was simulated and used to calculate the value of the penetrating E-field.
Considering a 2—12 J/m? pump pulse fluence, 0.2 mm? spot area, and 8 ps pulse length, the value
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of the incident electric field is of the order of 0.3—0.7 MV/cm. The penetrating enhanced field
inside the silicon substrate is in this case of the order of MV/cm.

As illustrated in Fig. 4(a), the FE of a single antenna (with a resonance wavelength of 23
um) depends on the position in the sample and on the excitation wavelength. As is expected
for a dipolar resonance, the FE is higher close to the antenna’s edges along the short axis; in
particular, close to the corners. The maximum FE is red shifted with respect to the center
of the transmittance minimum (vertical dotted line in Fig. 4(a)). This is a well-documented
phenomenon. It is analogous to a damped forced harmonic oscillator [33], where the frequency
corresponding to the maximal energy dissipation can be related to the minimal transmittance.
The frequency corresponding to the maximum oscillation amplitude is lower (red shifted) and
can be is related to the maximal FE.

T T

Probe 1

20 40 60 80 100
Wavelength (pm

Fig. 4. a) Wavelength dependence of the FE factor at different positions (labelled 1-5). The
vertical dashed line indicates the centre of the transmission gap. b) Spatial distribution of
the enhanced electric field, the red arrows represent the direction and the magnitude of the
electric field in the area where the field is larger than the incident field. The Si substrate,
located below the gold antenna, is not shown for clarity.

The enhanced electric field accelerates Si conduction band charge carriers. They may acquire
sufficient energy to excite, in a scattering event, a bound valence band charge carrier to the
conduction band. This mechanism for carrier multiplication is called impact ionization. It
originates from Coulomb interaction between energetic carriers in the conduction and valence
band of a semiconductor. [22,23] A cascade of collision events, in which free charge carriers are
accelerated by a strong external electric field, increases the number of free carriers by several
orders of magnitude. Since the conductivity directly depends on the number of charge carriers in
the conduction band, as given by the Drude model [18,22], the increased number of free carriers
changes on the electrical and optical response of the semiconductor [18,22,23,34].

The process can be represented by the following equation [23]:

e > e +ep + hz, (3)

with e; the conduction band electron being accelerated by the enhanced electric field, and e, and
h, the excited valence band electron and its respective hole. The rate equation for charge carrier
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amplification by impact ionization, ignoring relaxation processes, is:

dn(t)/dt = n(1) [ f(E,)Yi(E)E, “4)

with ng the initial number of charge carriers, f(E, f) the electron energy distribution, and Y;(E) the
impact ionization rate. Based on the theory developed by Keldysh, with a quadratic dependence
of the rate on the energy of the conduction electrons [35], Cartier et al. proposed the following
expression for the impact ionization rate [36]:

2
3 . [E-E .

Yi(E) = Zi:ll’(l) E—lth O(E®D) — Ey,), )

th

where the sum runs over the possible excitation pathways, namely i = 1 the indirect band gap for
electrons; i = 2 the indirect band gap for holes; and i = 3 the direct band gap for electrons. The
parameters p' are constants, evaluated 3.25-10'°, 3.0-10'2, and 6.8-10'* s~! for i=1, 2, and 3,
respectively [36]. E(¢) is the carriers’ energy, Eih corresponds to different threshold energies
for ionization (1.2, 1.85, and 3.45¢V fori=1, 2, 3, respectively) [36], and 6(x) is the Heaviside
function. Given that each enhanced THz semi cycle is equivalent to a very fast electric field pulse,
the electron energy distribution can be approximated as a delta function: f(E,t) = 8(E — E(t))
[37]. This simplifies Eq. (4) to:

E(1) -

dn(o)/dr = n(n) Y pi| =0 " “ocet) - £,) (©)

To complete the model, the external electric field should be linked to the carriers’ energy. This
is done by the momentum equation of a Bloch wave in a periodical Coulomb potential including
a term for momentum relaxation and the electron dispersion relation [23,38,39].

n = es= 2, ki (”( 3 )e(ko RN )
t

In this equation &(t) represents the enhanced THz pulse, k(f) the carriers’ momentum, and
7 the momentum decay time. The THz micro pulse is modelled as a sinusoidal wave whose
amplitude is modulated by a Gaussian envelope &(t) = egg cos(wot)exp[—1/2 - (¢/ o)?], where
wy is the angular frequency of the THz pulse and o is related to the pulse duration. For the
simulations o is set to 2 ps and &pg is the enhanced electric field amplitude, i.e., the incident
THz field times the FE factor.

The momentum decay time is a complex function that depends on the carriers’ drift velocity
and the intrinsic carrier-phonon scattering time. We approximate it by [40,41]:

1 e

- = +
T Teph Ml

®)

Here e is the electron charge, u the electron mobility [41,42], and Tepy =240 ps the silicon
electron phonon scattering time [40]. This expression represents the energy loss of a conduction
band electron due to the influence of an external electric field. This term represents the scattering
for charge carriers in silicon.

Equations (6) to (8) describe how the Si substrate is affected by impact ionization. In Fig. 5 the
results of solving these equations for several different FE factors and wavelengths are shown. A
minimal FE of 3 seems to be needed to cause a significant increase of the number of conduction
electrons, at least one order of magnitude. It is consistent with findings in literature where for
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larger bandgap semiconductors, like GaAs and Si; no transmission changes were observed unless
a threshold energy, related to a threshold electric field via Eq. (6) and the electron dispersion
relation, is surpassed [18,19,22,23]. This is achievable only through FE of the incident electric
field given the high intensity required. For narrow band semiconductors (InSb), electron impact
ionization could be obtained without the need for field enhancement [39]. For a given FE, longer
wavelengths are more efficient to increase the charge carrier concentration due to longer optical
cycle and thus more time for the enhanced electric field to interact with the silicon substrate.
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Fig. 5. Relative increase of the conduction band charge carriers as a function of the FE
factor for different excitation wavelengths. The values are calculated with a pump pulse
fluence of 10 J/m? and an initial carrier density of the Si substrate of 5-10% /em3.

The impact ionization model is further used together with the simulation results of the spatial
and frequency dependence of the enhanced electric field, to predict the concentration of charge
carriers, and thus the conductivity of the silicon, as a function of space and time [41].

So far, the model only describes the first picoseconds when the pump pulse is exciting the
antennas. The vast majority of the acquired TPPS data corresponds to later times, during which
the enhanced carrier density decreases by electron-hole pair recombination and diffusion. Their
density n(f) diminishes by diffusion and recombination by trapping and neutralization. In order to
model this, we use a characteristic decay time of 7 =200 ps to account for carrier recombination
[24,43] and a density dependent ambipolar carrier diffusion coefficient D [44], to account for
volumetric expansion.
exp(-i/7) "

V(1)

V() = \[6D t +12, (10)

with ng the carrier density after the impact ionization and V() the affected volume, which
increases in time due to diffusion [18].

The measured transient signal likely results from a mixture of several types of recombination
processes and carrier diffusion, which affect the silicon conductivity in an expanding volume
near the antenna’s extremes [18,45].

The model provides the local change in conductivity of the substrate at every moment in time
for a given value of FE. This information is used as input for the CST simulations, considering an
average FE value for the unit cell. Since the antenna resonance depends on the dielectric properties
of the substrate, the transient properties of the substrate are reflected in the transmittance spectra
of the samples.

The results of these simulations for an excitation wavelength of 27.5 um and a pump pulse
fluence of 11 J/m? are shown in Fig. 6. It can be seen that the transmission gap red-shifts and

n(t) = ny
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broadens during the first few ps, as expected from the results shown in Fig. 3, and thereafter, on a
timescale of several tens to a few hundreds of ps, returns to the original situation.

0,6

o
(3]
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Transmittance
e
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Wavelength (um)

Fig. 6. The shape of the modelled transmittance spectra at different moments after
excitation. 7= 0 ps and 7= 8 ps correspond to the beginning and the end of the excitation
pulse, respectively. The sample geometry corresponds to the one shown in Fig. 2 and the
excitation wavelength is 27.5 pm.
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Fig. 7. Simulated transient transmission changes based on the impact ionization model
and comparison with the experimental data (same as in Fig. 3) for (a) 23 um with a 8 J/m?
fluence, (b) 27.5 um with a 11 J/m? fluence, and (c) 32 pum with a 8 J/m? fluence.
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Applying this approach at several wavelengths allows us to qualitatively reproduce the transient
transmission changes that were measured at different wavelengths. Figure 7 presents simulations at
different wavelengths and pump pulse energies, which correspond to the experimental conditions
of the TPPS traces shown in Fig. 3. Comparing the experimental and modelled transmission
curves of Fig. 7, one finds a qualitative agreement. The simulations reproduce the observed
trends; including the different transient responses at different excitation wavelengths, and the
non-instantaneous rise to the maximum transmission change. The good agreement supports the
validity of the proposed model for the carrier dynamics. Quantitative differences can be attributed
to a rough description of momentum/energy dissipation of the excited charge carriers during the
impact ionization; oversimplification of the conductivity changes in the affected silicon volume
and the detailed FE spatial distribution; and inaccuracies of the simulations related to the size
and shape of the affected volume.

5. Conclusion

We have studied the transient transmission of THz metamaterials with spectral resolution by
three-beam pump-probe spectroscopy using an infrared free electron laser. The strong THz field
of the pump beam was found to be locally enhanced by the resonance mode of micrometer sized
cut-wire antennas. Impact ionization increases the carrier concentration in the silicon substrate
by several orders of magnitude. The increase and decay of these high carrier densities results in
fast nonlinear changes in the optical properties of the MM. Following picosecond THz excitation,
the transmission gap red-shifts and broadens during the first few picoseconds and the sample
relaxes to the original situation on a timescale of several tens to a few hundreds of ps. This
behavior is qualitatively reproduced and interpreted by the described impact ionization model.
MM on semiconducting substrates have potential to be used in energy harvesting devices
at THz frequencies if the materials are further optimized geometrically such that less intense
electric fields are required to induce the strong charge carrier increase. Due to their sensitivity
to the environment, those MM may also have potential in sensing applications. There are still
several unanswered fundamental questions about the excitation and relaxation processes. In
future experiments one could explore substrates with different types and levels of doping, as well
as different sample temperatures. Future work could also involve different structural designs,
which allow for even higher FE factors in order to maximize carrier multiplication.
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