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We present an experimental and numerical study of a terahertz metamaterial with a nonlinear response that is
controllable via the relative structural arrangement of two stacked split ring resonator arrays. The first array is
fabricated on an n-doped GaAs substrate and the second array is fabricated vertically above the first using a
polyimide spacer layer. Due to GaAs carrier dynamics, the on-resonance terahertz transmission at 0.4 THz varies
in a nonlinear manner with incident terahertz power. The second resonator layer dampens this nonlinear response.
In samples where the two layers are aligned, the resonance disappears and total nonlinear modulation of the on-
resonance transmission decreases. The nonlinear modulation is restored in samples where an alignment offset is
imposed between the two resonator arrays. Structurally tunable MMs can therefore act as a design template for
tunable nonlinear THz devices by controlling the coupling of confined electric fields to nonlinear phenomena in
a complex material substrate or inclusion.

Over the past decade the field of terahertz (THz) science has grown to include the study and engineering
of nonlinear optical materials."? This growth in nonlinear THz science has been driven by improvements
in the generation of high power THz pulses in the laboratory. Standard THz generation via photo-
conductive antennas or optical rectification (e.g. in ZnTe) produce THz pulses limited to femto Joules of
energy.’ By contrast, the newer techniques of tilted pulse front THz generation (TPFG) in LiNbO3 and 4-
wave mixing in air generate pulse energies orders of magnitude higher.* > In particular, TPFG methods
are known to reliably produce THz pulses with micro Joules of energy, corresponding to peak electric

field strengths on the order of 300-500 kV/cm, and in some instances up to 1 MV/cm.°

The use of high peak power THz pulses makes time resolved nonlinear experiments possible at THz

frequencies. Researchers are able to study the THz nonlinear properties of materials on ultrafast timescales
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7 and design novel nonlinear optical elements for THz radiation. ®° Combining THz excitation with X-

ray probes allows for time-resolved measurements of nonlinear structural changes in complex materials.

10

Within the field of nonlinear THz science, plasmonic metamaterials and metasurfaces (MMs) play a
critical role. MMs are engineered composites with optical properties that are determined by the geometry
and layout of the component sub-wavelength inclusions.!! MMs have been applied across the
electromagnetic spectrum and may be used to precisely control light through manipulation of phase,

intensity, and polarization. '%. This unprecedented level of control over light has led to notable MM

13 4 15, 16

demonstrations of left-handed materials °, electromagnetic cloaking '4, and perfect absorption
Additionally, MMs are interesting from a materials science standpoint due to their enhancement of light-
matter interaction > 7. This interaction can be seen in a resonant nonlinear MM response, making MMs an
ideal platform to study THz nonlinear dynamics and design nonlinear devices, such as saturable

absorbers®.

Nonlinear MM devices have been created at microwave and terahertz frequencies through a variety of

17-19

methods, including incorporating nonlinear lumped circuit elements into the design , and by using the

inherent nonlinear response of the subwavelength inclusions that make up the MM?°. Another approach
used in nonlinear MMs devices makes use of resonant inclusions, such as the split ring resonator (SRR),
which confine electric fields to localized regions in the unit cell. Resonant field confinement (FC)
enhances the local peak electric field intensity, and excites a nonlinear response in the MM inclusions or
substrate.” 2! Many demonstrations of nonlinear MMs based on FC exist, including devices that use

21,22 23

confined fields to enhance charge carrier nonlinearities in VO2, GaAs, InAs, Graphene or to excite

phase transitions in both low and high T. superconductors. 242
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Dynamic control over the MM response dramatically extends device capability; and integration of control
and tuning mechanisms is an active area of study for linear and nonlinear MM devices. Two of the most
commonly used methods for electrical control of MM properties are via modulation of substrate

2 and structural actuation, for instance via

conductivity in, for instance, GaAs*’ or graphene
microelectrical mechanical (MEMS) based devices 2% *°. Manipulating multi-component unit cells are of
large importance for MEMs tuning mechanisms. Yet to date there has been no report on how the enhanced

nonlinear charge carrier response of a MM substrate responds to structural arrangement of a multi-

component unit cell.

In this paper, we report an experimental, proof of principle result showing how structural changes to a
multi-resonator unit cell can be used to control the enhanced nonlinear response of the substrate in a THz
MM. Our MM design is based on the common broadside-coupled SRR (BCSRR) 3! and is shown
schematically in figure 1a. This design is composed of two layered SRR arrays, oriented to maximize
electromagnetic interactions between the two arrays. More details on device design are discussed below.
We show that by altering the lateral positions of the two component split ring resonators in the unit cell,
one can control the FC in the capacitive gaps of the resonators and thus control the coupling of incident
THz fields to the nonlinear carrier dynamics of an n-doped GaAs substrate. When the two resonator layers
are aligned to overlap as shown in figure 1b, very little nonlinear behavior is seen in the device response
at the design frequency of 0.4 THz. When a lateral offset is placed between the upper and lower SRR array
(shown in Figure 1c) the FC in the capacitive gap of the lower resonator increases, enabling a nonlinear
response from the carrier dynamics of the n-doped epilayer at a relative low incident THz power. The
nonlinear carrier dynamics result in a drop in the epilayer conductivity, turning on the lowest order SRR

resonance at 0.4 THz. The resonance is thus highly dependent on incident THz power and the on-



resonance THz transmission is modulated by approximately 3dB as the incident THz power is increased.
Below, we present nonlinear THz spectroscopy measurements to characterize device response and

numerical simulations to provide insight into the physical mechanisms for the device behavior.
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FIG 1: (a) Vertically expanded perspective and side view of MM unit cell showing dimensions and direction of THz excitation.
(b) and (c) Mid-fabrication photos of two samples showing 0 um (b) and 48 um (c) lateral offset between the stacked resonator

arrays. The lower layer of SRRs is shown in gold. The upper layer is shown as outlines.
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The MM studied in this work consists of two stacked, planar arrays of gold SRRs as shown in Figure 1.
The lower array is fabricated directly onto a GaAs substrate with a 1 pm thick n-doped GaAs epilayer (n
= 2x10'® cm™) using standard photolithographic techniques. The SRRs in this layer are inter-connected
with metallic wires for use in applying an electrical bias (not used in this study). A 2 um thick polyimide
spacer layer is then deposited on the epilayer, followed by the second SRR array. The orientation of the
second array is rotated by 180° relative to the first array, which maximizes electromagnetic coupling
between the two layers. 32 33

The dimensions of the component SRRs are chosen to maximize coupling between the two resonator
layers and to place the device resonance near the peak of the TPFG THz signal at ~0.4 THz. The key
dimensions of each resonator are marked on the upper SRR in figure 1a. These are the side length, L, the
capacitive gap width, g, the linewidth, w, and the square array periodicity, P. Below, the dimensions for
the lower SRR array are written with a subscript 1, while dimensions for the upper array are written with
a subscript 2. In the lower array, L1 = 28 um, linewidth wi = 6 um, and g1 =2 pm. In the upper array, L2
=48 um, w2= 6 um, and g2 =2 pm. The unit cell periodicity is the same for both arrays and is P= 96 pm.
Two samples are fabricated each with a varying lateral shift, Lsnitt, between the centers of the two SRRs,
as shown in the side view of figure 1a. Photographs of the two fabricated samples are shown in figure 1b
and lc. In sample 1 (figure 1b), the two SRR arrays are directly aligned with Lshit = 0 pm. In sample 2

(figure 1c), the two arrays are laterally offset by half of the unit cell periodicity (Lshift = 48 pm).

To characterize the nonlinear response of the two samples, THz pulses with field strengths between 50
and 400 kV/cm were generated using TPFG in LiNO3 © and focused onto the MM at normal incidence
with the THz electric field polarized perpendicular to the SRR capacitive gaps, as shown in figure 1a. The
transmitted pulses are then measured using electro-optic sampling in ZnTe in a standard THz time-domain

spectroscopy (THz-TDS) configuration. The transmission spectra are obtained through Fourier transform
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and normalized to a THz-TDS reference measurement of a bare GaAs substrate with a 1 pm n-doped

epilayer.
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FIG 2: THz-TDS data for samples with (a) Leix =0 pm and (b) Lsnin = 48 pm. Insets show photographs of the relative
positioning for the two SRR layers for the data shown in the plot. On each plot, the dashed vertical lines mark the position of

the lowest order resonance of the BC- SRR system.

Experimental transmission spectra as a function of field strength for both samples are shown in figure 2.
For the sample with Lshit = 0 um (fig. 2a) only a small nonlinear response can be seen in the data. As the
THz field strength is increased from 50 - 400 kV/cm, the overall transmission through the sample slightly
increases, but no clear resonance is seen, regardless of incident field strength. Figure 2b shows noticeably
different behavior exhibited by the structure in which the SRRs are offset. The MM now exhibits a strong
resonance near approximately 0.4 THz with a larger nonlinear modulation. As the THz field strength is

increased from 50 - 400 kV/cm, the on-resonance transmission is modulated by approximately 3dB.
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Thus, the presence of a strong nonlinear modulation in the MM resonance can be controlled solely by
structural positioning of the two MM layers. As another comparison of the stark difference in modulation
range, figure 3 plots the transmission at 0.4THz for both samples as a function of incident THz field
strength. Not only is the modulation range noticeably increased in the case for Lsnitt = 48 um, the direction

of modulation is also reversed compared to the unshifted structure.

L= nm

Transmission at 0.4THz (dB)

50 100 150 200 250 300 350 400
Incident THz Field Strength (kV/cm)

FIG 3: Modulation of the transmission minimum at 0.4THz vs. applied THz field strength for both shifted and unshifted BC-

SRR samples. Cross markers on lines signify measured data points.

Using numerical simulations, we investigate the physical origins of the nonlinear response of the BC-SRR
MM discussed above. In order to show the mode structure of the MM, we simulate the THz transmission
spectra of the BC-SRR structure for Lshit = 0 and 48 pm using commercial solvers based on finite
difference time domain techniques.** The SRR gold patterning is modeled as a lossy metal, while the
GaAs substrate is modeled with a 1 um lossy semiconductor epilayer on a loss-free semi-insulating GaAs

substrate. These simulated spectra are shown together in Figure 4a. Due to the limited frequency resolution
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in the tilted pulse front THz-TDS system, the resonances in simulation are narrower than in the

experimental results.

The blue curve in figure 4a shows the spectra for the sample with Lshit = 0 pm. The incident THz electric
field, polarized perpendicular to the capacitive gap of the SRRs, excites two modes. The resonance at
0.73THz (resonance A) corresponds to the electrically active coupled mode of the BC-SRR. ** The
frequency position and oscillator strength of mode A has been shown in previous work to be highly
dependent on the electromagnetic coupling between the two component SRRs. The frequency position of

mode A can be approximately described using an LC oscillator model:

11
fi~ e () 0
where L is the BC-SRR total inductance, and C the BC-SRR total capacitance. 3> 3°.

The red curve in figure 4a shows the transmission spectrum for the sample with Lshist = 48 pum. The lateral
offset of the two SRRs alters the mutual capacitance and inductance of the structure, red-shifting resonance
A from 0.73 THz to 0.47 THz. The mode at 0.66 THz (resonance B) is a surface lattice mode, common in
periodic MM structures 7. The frequency position of mode B is largely independent of the mutual

interactions between the two SRRs, as expected for a surface lattice resonance.

Figures 4b and 4c show simulations of the nonlinear response of the Lshit = 0 um and Lshit = 48 um
samples, respectively. Here, the GaAs response is modeled using Drude model with a carrier mobility that
can vary between 100 cm?/Vs and 1000 cm?/Vs. The nonlinear response arises from terahertz field induced

intervalley scattering of charge carriers in the 1 um n-GaAs epilayer. The resulting decrease in mobility
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reduces the conductivity of the epilayer, resulting in a terahertz field dependent increase in resonance

depth for resonances A and B for both Lshit = 0 pm and Lshist = 48 um.
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FIG 4: (a) Simulated transmission spectra for the Lgix = 0 pm and 48 pm samples assuming no loss in the GaAs substrate.
Letters A and B denote resonances discussed in the main text. (b) Simulated nonlinear response for Lgwir = 0 pm (c) Simulated

nonlinear response for Lghir = 48 pm.

In experiment, the overall loss in the n-doped epilayer broadens all resonances. The resolution limit of the
THz-TDS experiment also artificially broadens the observed resonances. For Lsit = 0 pum, neither
resonance is seen in experiment (fig. 2a) for any value of incident THz field strength, due to the above-
mentioned broadening effects. However, the net decrease in carrier mobility is still seen in the data as a

broadband increase in transmission.
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For Lshit = 48 um (fig 2b), resonance A is clearly visible in the experimental results since the overall
oscillator strength, and thus resonance depth, of resonance A is now much greater. Here, the decrease in
carrier mobility decreases the on-resonance loss of the BC-SRR structure, leading to a stronger resonance

and explaining the difference in modulation direction discussed above in figure 3.

The lateral positioning of the two SRR layers allows for tuning of the oscillator strength by controlling
the local FC within the MM unit cell. For mode A, the FC within the capacitive gap region is directly
proportional to the oscillator strength of mode A. As explained below, the oscillator strength of the

resonance depends on the lateral positioning of the two resonators.

The lowest order resonant current distribution of the component SRRs has been calculated in the literature
3%, The resonant current is zero at the ends of the capacitive gap and maximum on the side of the SRR
opposite the capacitive gap. This is similar to the current distribution of a folded half-wave dipole antenna,
sometimes called a halo antenna. In this analogy the length, d, of the dipole is the circumference of the
SRR. Thus the current in an SRR can be expressed approximately using the cosine distribution for the

current of a half-wave dipole antenna:

I =1,cos (%) cos(wt) (2)

where Lo is the peak current on resonance, s is the position along the SRR circumference, and w is the
angular frequency of incident THz excitation. Though the connection between the folded dipole antenna
and the SRR assumes a circular SRR, the above analysis is still a very good approximation for the square

SRRs used in this study. As the resonant current oscillates, charge conservation forces a charge build up
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along the capacitive gap edges of both SRRs. This charge build up oscillates 90° out of phase with the

resonant current. Specifically, the charge buildup on one end of the SRR gap can be expressed:

Q = Qo sin(wt) 3)
where Qo is the peak charge at the edge of the SRR capacitive gap. The opposite edge of the capacitive
gap builds up an equal amount of charge of the opposite sign. Thus, a dipole charge distribution builds up
across the capacitive gap in both resonators. In the BC-SRR resonance studied in this paper, currents
oscillate around both rings in opposite directions **. Thus, the dipole charge distributions in the two

resonators have opposing orientations.

With no lateral offset, the electric fields from the two electric dipoles in the upper and lower SRR
superimpose and destructively interfere, leading to a low net electric field strength in the unit cell of the
MM. As the two resonators are laterally offset, the resonant electric fields of the two charge distributions
no longer overlap as closely, leading to less destructive interference and a higher net electric field strength
inside the unit cell. The end result is an increase in the strength of the local electric fields in the lower
SRR gap region. This results in a stronger resonance oscillator strength for the sample with Lsnitt = 48 pm

and a larger nonlinear modulation of the resonance as the incident THz field strength is increased.

We can confirm the above explanation by performing simulations of the local electric field distributions
within the MM unit cell. Figure 5 shows the time domain electric field strength maximum in the plane of
the lower SRR for the Lshit = 0 um (fig. 5a) and Lshit = 48 pm (fig. 5b) samples. The local electric fields
are higher by close to a factor of 4 in the Lsnitt = 48 um sample. As the local electric field amplification
increases, especially in the vicinity of the SRR capacitive gap, so will the overall oscillator strength and

resonance depth of the BC-SRR resonance.
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FIG 5: Local electric field distribution in lower SRR during THz excitation for (a)Lshift = 0 um (b)Lshift =48 pm. Insets show

the unit cell alignment of the upper and lower SRRs for both plots.

Figure 6a and 6b show simulations of the increase in resonance depth, and thus oscillator strength, of
resonance A, for varying values of Lsnift. As Lshift is increased from 0 to 48 um, the depth of resonance A
increases by 80%, corresponding to an 80% increase to oscillator strength. Consequentially, resonance A

and its nonlinear modulation is visible in the experimental spectra for Lshit = 48 pum, but not for Lshitt = 0

pum.
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FIG 6: (a) Simulated transmission spectra for BC-SRR samples with varying values of Lgin. (b) Change in the on-resonance

transmission minimum vs. Lgin. Crosses mark measured data points.

In conclusion, we presented a proof-of-principle study showing how a nonlinear metamaterial response
can be tuned in magnitude via the relative lateral positioning of the stacked resonator arrays inside a
broadside coupled split ring resonator metamaterial. The metamaterial was patterned on an n-doped GaAs
substrate. We investigated the behavior of the metamaterial experimentally via terahertz time domain
spectroscopy and use numerical simulations to provide physical insight into the device response. In
samples where the two resonator arrays were aligned, the device showed only a small nonlinear response
in experiment. In samples where the component split ring resonator arrays were laterally shifted by 48
um, a resonance appeared at ~ 0.41 THz. Due to the charge carrier dynamics of the n-doped GaAs and
on-resonance field confinement in the SRR capacitive gaps, the on-resonance THz transmission was
strongly nonlinear, decreasing by approximately 3 dB as the incident terahertz power increases from 50
to 400 kV/cm. This result is, to the best of our knowledge, the first example illustrating the control of the
nonlinear response of a THz MM device solely through the structural positioning of the component

inclusions.
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