An active hybrid plasmonic metamaterial

Jiangiang Gu,'? Ranjan Singh,”? Abul. K. Azad,’ Jiaguang Han,' Antoinette J. Taylor,’

s *
John F. O’Hara,™ and Weili Zhang"*
!Center for Terahertz waves and College of Precision Instrument and Optoelectronics Engineering, Tianjin
University, and the Key Laboratory of Optoelectronics Information and Technology (Ministry of Education),
Tianjin 300072, China

2School of Electrical and Computer Engineering, Oklahoma State University, Stillwater, Oklahoma 74078, USA

3Center for Integrated Nanotechnologies, Materials Physics and Applications Division, Los Alamos National
Laboratory, Los Alamos, New Mexico 87545, USA
*weili.zhang @ okstate.edu

Abstract: We demonstrate an engineered composite film that dynamically
switches resonant transmission behavior of terahertz radiation from band-
stop to band-pass under appropriate optical pumping. In the absence of
pumping, a resonant band-stop behavior is observed arising from metallic
split-ring-resonators fabricated on an epitaxial silicon film that was already
patterned into a periodic hole-array. Pumping with external infrared light,
the silicon film becomes quasi-metallic, damping the planar metamaterial
response and enabling a band-pass surface-plasmon resonance through the
now conducting hole array. By leveraging two separate types of
electromagnetic behaviors simultaneously, this composite chip paves a way
for developing unique hybrid planar metamaterials.
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1. Introduction

There has been intense focus on developing active metamaterial (MM) devices in the terahertz
regime where a lack of suitable natural materials has created a longstanding technology gap.
The MM paradigm can bridge this gap by enabling materials with customized and even
dynamic electromagnetic responses. Recently, characteristic control of terahertz waves was
demonstrated using active MM devices controlled through electronic, optical, mechanical, and
thermal means [1-15]. Usually, active control is employed to alter the fundamental resonance
of the split-ring-resonator (SRR) structure, which natively exhibits a band-stop behavior in the
transmission spectra [16—18]. However, if this band stop mode could be dynamically switched
to a band-pass resonance at the same frequency, the resulting MMs could be promising in
active terahertz applications, such as channel-drop filtering or frequency shift keying [19,20].
Surface plasmon polaritons (SPPs) are the electromagnetic surface waves that result from
the coupling of incident light to the collective oscillations of free electrons at a metal-
dielectric interface [21-25]. SPPs have shown the potential to unify photonics and electronics
resulting in the exciting field of plasmonics. This has led to the development of an entirely
new class of miniaturized lasers [26] and biosensing devices [27,28]. More fundamentally,
SPPs can resonantly intensify the transmission of electromagnetic energy through
subwavelength hole arrays in metallic films, a phenomenon known as extraordinary
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transmission. As both MMs and SPPs offer unique and powerful methods to resonantly
control electromagnetic waves, they are being evaluated for use in electronic and photonic
circuitry to better manipulate electromagnetic waves and for their feasibility of integration
into large scale manufacturing of microprocessors and computer chips. So far, however, there
are no reports on the development of terahertz devices in which both the metamaterial SRR
resonance and the resonant propagation of SPPs could operate actively with external pumping
by photons in order to enable a new type of dynamic material response.

Fig. 1. (a) Schematic and (b) microscopic image of the plasmonic MM (silicon, aluminum and
sapphire are marked by yellow, white and green colors, respectively). The geometrical
dimensions of the MM are L; = 65 um, W, = 50 um, L, = 33 um, W, = 6 um, and G = 5 um.).

In this article, we present a composite plasmonic two-dimensional (planar) MM with a
resonant transmission that can be dynamically tuned between band-stop or band-pass
behaviors by illuminating the device with near infrared light. The fundamental SRR resonance
of the MM enables a band-stop behavior while the resonant extraordinary transmission due to
SPPs enables a band-pass behavior. This unique functionality is achieved by integrating the
metallic SRRs together with a hole array patterned into the silicon film of a silicon-on-
sapphire substrate (SOS). The carrier concentration in silicon can be dynamically tuned by
pumping it with a near infrared light, a property that can be exploited to tune the resonance of
devices fabricated on SOS [29,30]. The silicon layer gradually becomes quasi-metallic under
increasing near infrared illumination due to the excitation of free carriers. This effectively
shorts the capacitive gaps and damps the SRR resonance, and destroys the band-stop terahertz
response. The silicon hole arrays, if sufficiently conducting, have the capability to support the
propagation of surface waves as reported in previous works [29,30]. Therefore, the high
infrared fluence simultaneously enables the formation of an SPP resonance resulting in a well-
defined transmission peak in the terahertz spectrum. Our supporting numerical simulations
agree well with the experimentally measured results and illustrate the characteristic switching
from the MM resonance to the extraordinary SPP transmission by visualizing the electric field
distributions at the resonance frequency.

2. Planar metamaterial structure design and fabrication

The plasmonic planar MM sample was fabricated on a 350 um thick SOS wafer with a 500
nm thick, undoped epitaxial silicon layer. The conductivity of the silicon layer has been
shown to be tunable from 10° to 10° S/m by an 800 nm optical pump with fluence ranging
from 100 to 1000 pJ/cm® [29]. This changes the silicon from a good dielectric to a film with
some degree of metallic character. Thus, without the optical pump the planar MM is mainly
an SRR array sitting on a dielectric substrate. Some resonance strength is sacrificed by the
sparser than usual arrangement of SRRs [31]. When the conductivity of the silicon layer is
dynamically increased up to 10* S/m, all the SRRs fabricated on the silicon layer are shorted
out due to the flow of current in their capacitive gaps. Moreover, the metallic silicon hole
array starts to support SPPs leading to enhanced transmission, in which the resonance

frequency @y, of the SPPs is determined by ay, /27 =(c/ p)[gsl.gxphr / (SS,. + o )]‘VZ’ where
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c is the speed of light in vacuum, p is the periodicity of the hole in the direction of the incident

electric field, ¢, =11.7 is the permittivity of the sapphire substrate and &g is the

permittivity of the photo-excited silicon layer, which may reach as low as ~-90 through
photodoping under intense optical excitation [24,29].

Figure 1 shows the schematic and a microscopic image of the fabricated structure. The
aluminum SRR array was patterned on the silicon film by using a conventional
photolithography process. This was followed by reactive ion etching to form the hole array in
the silicon film. Five SRRs and a silicon hole, with dimensions of 33 x 33 um2 and 65 x 50
um’ respectively, comprise each of the unit cells, as shown in Fig. 1(a), which have a
periodicity of 100 x 100 um?. With this periodicity, the SPP resonance for the silicon-sapphire
interface occurs near 0.5~1 THz, while the air-silicon SPP resonance frequency occurs near 3
THz, which is beyond our measurement range. This means these two SPP resonances will not
interact with each other though the fully pumped silicon has a ~1 pm skin depth that is larger
than the silicon thickness. The gap-bearing arm of the SRR was designed to be parallel with
the width of the holes. These dimensions and orientations of the SRRs and holes were
designed such that the fundamental SRR resonance and the [1,0] SPP resonance occur at the
same frequency.

1.0

0.8

Amplitude Transmission

0.5 1.0 1.5

Frequency (THz)

Fig. 2. Simulated amplitude transmission with no pump and with maximum pump fluence 6.11
mJ/em?,

Figure 2 shows the full-wave electromagnetic simulation carried out by CST Microwave
Studio for two extreme cases, first assuming that the silicon acts as a insulator (i.e. no external
pumping) having a dielectric constant of 11.78, and second when the silicon layer acts as a
lossy metal (i.e. at maximum optical pump power in the experimental system) with a
conductivity of 2.94 x 10° S/m. An exact match of the planar MM and the SPP resonances
was satisfied at a single frequency of 0.8 THz, as shown in Fig. 2. This simulation guided the
structural design of the SRRs and the holes in the plasmonic planar MM before sample
fabrication.
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Fig. 3. Measured (a) time-domain terahertz pulses and (b) transmission spectra at different
pump fluences (u/cm?).

3. Transmission results and analysis

The sample was characterized using an electro-optic, time-resolved optical-pump terahertz—
probe (OPTP) spectrometer [29]. The OPTP system utilizes a regenerative Ti:Sapphire
amplifier that delivers 3.2 mJ, 50 fs laser pulses at 800 nm with a 1 kHz repetition rate. The
output laser beam is split into two parts with one being used for terahertz generation-detection
and the other for optical excitation of the sample through a variable attenuator. The linearly
polarized terahertz beam is transmitted through the sample under normal incidence with the
terahertz electric field parallel to the gap bearing arm of the SRRs. The optical beam, with
spot size (1x1 cm?) larger than the terahertz spot (5x5 mm?), provides mostly uniform
excitation over the measurement area. A bare SOS wafer serves as a reference by which
terahertz transmission measurements are normalized.

Figure 3(a) shows the transmitted terahertz pulses through the composite plasmonic film at
various pump fluences. By visual inspection the measured terahertz pulses can be categorized
into three groups based on the ringing that occurs after the main terahertz pulses. Without
optical excitation the terahertz pulse shows a long-lived ringing which is due to the SRR
fundamental resonance. Under low optical excitation this ringing gradually fades away with
increasing power suggesting a weakening of the SRR resonances. While excited with a
moderate optical fluence (10-255 pJ/cm?), the shape of the pulse is nearly the same as the
reference signal but with lower amplitude suggesting the disappearance of the SRR resonance.
Finally, when the power is increased beyond 255 pJ/cm’, the ringing in the pulse is restored
but the nature of oscillation appears to be different from the optically unexcited sample. The
dynamic change in nature of the oscillations indicates a corresponding modulation in
transmission as verified in Fig. 3(b), which is the Fourier transform of the measured time
domain pulses. The spectrum for the unpumped sample shows the strongest SRR resonance
with band-stop transmission amplitude as low as 0.36. When the excitation fluence is
gradually increased from 0 to 10 pJ/cm®, the SRR resonance disappears and the transmission
amplitude increases from 0.36 to 0.7. Under 10 pJ/cm® excitation the SRR resonance
completely disappears and the transmission spectrum shows a flat attenuation. Further
increase of the optical fluence up to 255 pJ/cm” only reduces the flat amplitude transmission
from 0.68 to 0.62 due to increasing photo-carriers in the silicon layer. As the fluence is
increased above 255 pJ/cm?, a resonance peak appears in the transmission spectrum whose
amplitude increases with excitation power. The measured peak is attributed to the SPP
resonance excited by the semi-metallic silicon hole arrays.
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Fig. 4. (a) Simulated spectra at different pump fluences. Simulated electric fields at different
pump fluencies (uJ/cmz): (b) no pump, (c) 127 uJ/cmZ, (d) 6.11 mJ/em?, (e) and (f) Ex and Ez
distribution at 6.11 mJ/cm”.

In order to gain insight into the pump-dependent behavior of the plasmonic planar MM,
we performed full wave electromagnetic simulations (CST Microwave Studio) of terahertz
transmission through the sample with periodic boundary condition and plane wave incidence.
Since the tunable response arises from the change in conductivity of the silicon layer, we
employed different conductivities in the numerical simulation to represent different pump
powers [3,32]. The simulated amplitude transmissions are shown in Fig. 4(a) which agrees
well with the measurements. The electric field distributions at the resonance frequency were
simulated for three different conductivities of O (no pump), 7.6 x 10° (127 uJ/cmz), and 2.94 x
10° S/m (6112 uJ/cmz), as shown in Figs. 4(b)-4(d), respectively. We clearly observe the
transition from high concentration of electric field in the SRR gaps with no pump to intense
fields at the edge of the hole arrays with maximum pumping. At the maximum pump fluence
the conductivity of the silicon film is high enough to support a SPP resonance. At this pump
level the metal SRRs are effectively shorted against the metallic silicon film. The hole array
builds up a strong SPP band-pass transmission resonance wherein the electric field is mainly
focused along the length of the holes. To confirm the SPP mechanism, the distributions of the
electric field components parallel to the width of the hole (Ex) and parallel to the propagation
direction (Ez) were plotted in Figs. 4(e) and 4(f) at 6.11 mJ/cny’, respectively. The strong
intensity of Ez obviously verifies the collection of the charges at the long sides of the hole,
which is a typical SPP phenomenon. Interestingly, for moderate pump fluences neither the
SRR nor the SPP resonance feature was observed in Fig. 4(c) since the electric field appears
to be fairly uniform across the entire sample. The reason is that the conductivity of the silicon
layer was enough to damp the SRR resonance but not enough to support the propagation of
surface waves, which normally requires some minimum threshold of both metal conductivity
and thickness [33,34].

4. Discussion

As shown in Figs. 3(b) and 4(a), the quality factors of the SRR and the SPP resonances are not
as high as expected. Most of this is due to the large coupling between the resonant modes and
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freely propagating waves, which is often expressed in the concept of large radiation
resistance. However, our structure also has other dissipation mechanisms that limit the
intensity and the linewidth of the resonances. The source of dissipation in our device is Ohmic
loss in either the metal SRRs for the resonance, or the photoexcited Si for the SPP resonance.
The sapphire losses are small enough to neglect in the terahertz regime [35]. The relatively
sparse arrangement of SRRs also reduces the resonance intensity. Generally, for most planar
metamaterials and plasmonics devices the dissipation cannot be overcome without the use of a
gain medium. But for our planar metamaterial, the dissipation is acceptable, in contrast to bulk
metamaterials, because its functionality is contained in a single layer.

The measured results demonstrate the most straightforward manifestation of switching
between two resonant responses of different natures. However, the concept can easily be
extended to more interesting electromagnetic scenarios. Since SRRs are both electrically and
magnetically polarizable, s-polarized, obliquely incident waves should be able to excite the
fundamental SRR resonance of the SRR array via the magnetic field. Given the nature of SPP
coupling in periodic arrays, it also remains possible to launch the SPPs, though the SPP
resonance would occur at a different frequency due to phase matching conditions. However, it
is possible to resize the SRRs and frequency shift their resonance into alignment with the
oblique SPP resonance. Upon optical stimulation, the resulting structure would dynamically
shift from a magnetic bandstop filter to an electric bandpass filter. This ultrafast dynamic
control over the dynamic bianisotropic properties is under investigation and represents a new
and relatively unexplored area of metamaterial research.

5. Conclusion

We have developed a MM embedded plasmonic device that enables dynamic switching
between two separate types of electromagnetic behaviors, i.e. the SRR and SPP resonance
modes. The plasmonic planar MM allows a giant modulation at the resonance frequency,
altering from the band-stop mode to the band-pass mode. This feature is due to the tunable
conductivity of a silicon thin film under photo excitation. Such active control of different
resonances offers a unique tool at the MM designers’ disposal and is promising in developing
on-chip terahertz devices in microchip circuitry, such as dynamic channel add/drop filters. In
addition, this work heralds a possible approach to ultrafast dynamic control over bianisotropic
metamaterial properties.
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