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Abstract 
Extraordinary optical transmission through subwavelength metallic hole-arrays has been an active research area 

since its first demonstration . The frequency selective resonance properties of subwavelength metallic hole arrays, 
generally known as surface plasmon polaritons, have potential use in functional plasmonic devices such as filters, 
modulators, switches, etc. Such plasmonic devices are also very promising for future terahertz applications. Ultrafast 
switching or modulation of the resonant behavior of the 2-D metallic arrays in terahertz frequencies is of particular 
interest for high speed communication and sensing applications. In this paper, we demonstrate optical control of 
surface plasmon enhanced resonant terahertz transmission in two-dimensional subwavelength metallic hole arrays 
fabricated on gallium arsenide based substrates. Optically pumping the arrays creates a conductive layer in the 
substrate reducing the terahertz transmission amplitude of both the resonant mode and the direct transmission. Under 
low optical fluence, the terahertz transmission is more greatly affected by resonance damping than by propagation 
loss in the substrate. An ErAs:GaAs nanoisland superlattice substrate is shown to allow ultrafast control with a 
switching recovery time of - \ 0 ps. We also present resonant terahertz transmission in a hybrid plasmonic film 
comprised of an integrated array of subwavelength metallic islands and semiconductor holes. A large dynamic 
transition between a dipolar localized surface plasmon mode and a surface plasmon resonance near 0.8 THz is 
observed under near infrared optical excitation. The reversal in transmission amplitude from a stopband to a 

passband and up to 1[/2 phase shift achieved in the hybrid plasmonic film make it promising in large dynamic 
phase modulation, optical changeover switching, and active terahertz plasmonics. 

1 Introduction 
Extraordinary transmiSSIOn of electromagnetic waves through periodic array of subwavelength holes has 

attracted enormous interest in both the understanding of its origin and the fascinating applications in a variety of 
fields since their experimental demonstration in the optical frequency regime l

. Subwavelength metallic hole arrays 
have also obtained considerable attention regarding extraordinary optical transmission at terahertz (THz) 
frequencies2

.
6

. Optical transmission efficiency of such arrays can be higher than unity when normalized by the 
holes' areas, and this anomalously high transmission has been explained as a result of resonance excitation of 
surface plasmon polaritons (SPPs) or surface plasmons (SPs) at the metal-dielectric interface. Surface plasmons 
polaritons (SPPs) are collective excitations for quantized osci Ilations of electrons 7 . The resonant interaction between 
electron-charged oscillations near the surface of metal and the electromagnetic field creates SPPs and results in 
rather unique properties8

• SPP resonance is of particular interest at terahertz frequency because of the deficiency of 
natural materials to obtain a functional response at terahertz frequency. The so-called "THz gap" has resulted in the 
general failure to translate technologies from microwave and optical frequencies to the THz frequency range9

. 

Artificially structured composite materials are playing an increasingly important role in overcoming the deficiency 
of natural materials at THz regime. The recent progress in subwavelength metallic hole arraysZ-6, THz metamaterials 
9- 11 , and photonic crystals IZ-14 may ultimately result in a complete manipulation of THz waves. 

Experimental results have indicated that at optical frequency the SP-enhanced light transmission through 
subwavelength metallic hole arrays is normally achieved for metals with large ratio of the real to the imaginary 

dielectric constant, - e rm / eim »1 15,16. Notably, the conductivity of the metals at optical frequency is very poor 

even for the good conducting metals 17, The ratio of dielectric constants, - erm / eim ' is generally higher for good 

conducting metals at optical frequency and indicate the conductive nature of metals. On the other hand, the 

conductivities of metal at terahertz regime almost retain their DC values and the ratio becomes - e /e < 1 for rm 1m 

non-transition metals, such as Ag, Au, Cu, and AII7. This was considered as a limitation to realize resonant 



excitation of terahertz SPs in the periodic subwavelength structures. The recent studies, however, have demonstrated 
that an appropriate surface corrugation provided by the subwavelength structures could facilitate the resonant 
excitation of SPs even with - e Ie < 1 [8. For the normal incident, the wavelength of the fundamental SPPs 

rill 1m 

resonance mode of square lattice arrays can be written as2
,6, 

(I) 

where, L is the lattice parameter of the metal hole array and l:1 is the dielectric constant of the dielectric medium 
and if~ is the dielectric constant of the metal. The enhanced transmission exceeds the geometrical transmission [, and 
is orders of magnitude higher than that expected for non-resonant transmission through sub-wavelength holes[9. 

The frequency se.lective resonance properties of subwavelength metallic hole arrays and metamaterials have 
potential use in fWlctional THz devices such as filters, modulators, and switches2°-22

. Ultrafast switching or 
modulation of the resonant behavior of the terahertz metallic arrays is of particular interest for high speed 
communication and sensing applications. Switching of the SPP-assisted resonant THz transmission has been 
demonstrated using electric, optical, thermal, and magnetic techniques2°-

24
. In these demonstrations either the 

dielectric properties of the substrates or the metallic grating were modified by external controls. For example, the 
conductivities of the metallic semiconductor gratings were controlled by either temperature or the applied optical 
excitation. rn another demonstration, a magnetic field was applied to change the dielectric constant of the liquid 
crystal in the metal arra/ 4

• Most of these methods do not support modulation on an ultrafast time scale. Hendry et 
al. 26 has applied an optical technique on a silicon-based metallic grating that supports fast modulation but only at 
cryogenic temperatures (20 K). Also their resonance recovery, or switching time, was about 100 ps at 20 K. In the 
case of optical modulation, switching time is mainly determined by the carrier lifetime of the substrate 
semiconductors. At room temperature, bulk silicon has a carrier lifetime of about a millisecond which severely 
degrades switching speed , Ultrafast switching recovery of surface plasmons (SP) resonance at the room temperature 
still remains a challenge to overcome. 

In this work, we present the room temperature, ultrafast modulation of SPP-assisted THz transmission through a 
metallic grating fabricated on a GaAs-based ErAs:GaAs superlattice using ultrafast optical excitation. Due to the 
direct bandgap at 800 nm and the short carrier lifetime of this superlattice the SPP resonance can be modulated with 
much lower optical fluence than in 26 and can fully recover within -lOps at room temperature. We also present a 
large dynamic transition between a dipolar localized surface plasmon mode and a surface plasmon resonance at 
terahertz frequency observed under near infrared optical excitation. The presentation is organized as follows: in 
section 11, we describe experimental methods of optical pump-terahertz probe spectroscopy. Section III describes the 
ultrafast switching of surface plasmons resonances. In section IV, we review the large dynamic transitions between 
surface plasmon resonance and localized surface plasmon resonance. Finally, section V gives a conclusive remark. 

II Experimental setup 

The SPP samples were characterized using a broadband optical-pump terahertz-probe (OPTP) terahertz time 
domain spectrometer (TDS). The terahertz TDS utilizes a I kHz regeneratively amplified Ti:sapphire laser capable of 
generating 3.2 mJ, 50 fs pulses at 800 nm. Part of the output laser power is used for terahertz generation and 
detection using ZnTe crystals via optical rectification and the electro-optic effectn 

28 . The remainder of the optical 
power passes through a variable attenuator to form a - 10 mm diameter illumination spot on the sample with an 
incidence angle of _10°. Generated THz pulses from the transmitting ZnTe crstal are collimated and redirected to 
the detection ZnTe crystal by two pairs of parabolic mirrors. The samples are placed in between two inner parabolic 
mirrors where a THz beam waist of 3.5 mm is formed. The SPP sample and reference were placed at the THz beam 
waist under normal incident; and the transmitted THz pulses were recorded as function of time delay between THz 
pulse and optical probe pulses. The time domain THz pulses were then converted to frequency dependent spectrum 
by performing numerical FFT on individual terahertz pulses. The amplitude transmission of a sample is measured by 
taking the ratio of THz spectrum through sample to the reference. Optical pump beam is utilized to initiate photo­
induced characteristic change in the samples which can be dynamically characterized by coherent THz spectroscopy. 

III Ultrafast switching of surface plasmons resonances 



To demonstrate the ultrafast switching of SPP resonances we fabricate two identical samples on two different 
substrates. The first sample used in this work was a 20 metallic hole array fabricated on semi-insulating (Sl) GaAs 
with a carrier lifetime on the order of nanoseconds. The second sample used the same metallic hole array fabricated 
on a superlattice consisting of alternating layers of GaAs and ErAs nanoislands grown on semi-insulating (Sl) GaAs. 
ErAs:GaAs superlattices have already proven to benefit many ultrafast applications such as THz photoconductive 
receivers, fast switchable THz metamaterials, etc29

.3
0

. Their carrier lifetime can be designed ranging from hundreds 
of femtoseconds to tens of picoseconds b chan in the su erlattice eriod31

. 

Fig. I Schematic diagram of ErAs:GaAs superlattice 

Fig. I shows a generalized schematic diagram of ErAs:GaAs superlattice which is consisted of monolayer (ML) of 
self-assembled ErAs nanoislands embedded in a GaAs matrix. The ErAs nanoisland layers are separated by a thin 
GaAs layer of thickness L which defines the period of superlattices. The ErAs:GaAs substrate used in this work was 
grown by molecular-beam epitaxy (MBE) on <100> semi-insulating GaAs substrate. The ErAs nanoislands layer is 
grown at the same temperature as GaAs with a thickness of 1.2 ML. The carrier life time of the superlattice 'layer 
depends on the period L. Also, the thickness of the superlattice layer for our sample was 2 lim to assure complete 
absorbtion of the optical pump. 

Both substrates have a direct bandgap across which carriers can be excited by 800 nm light. Standard 
photolithography was used to fabricate the aluminum (200-nm-thick) hole arrays on the substrates. A schematic 
cross-sectional view of the samples is shown in Fig. 2. The rectangular holes of dimension 50 lim x 25 lim were 
patterned in a s uare array with a lattice constant of 100 lim. 

Al Al 

Fig. 2 Schematic cross-sectional view of the metallic hole array samples on GaAs and ErAs:GaAs substrates. 
The substrates in the hole areas, labeled "Photo-conductive layer," become conductive under optical 
illumination. 

During the optical pump terahertz probe measurements the samples were placed at THz beam waist under 
nonnal incident. The sample size was 10 mm x 10 mm, large enough to cover 3.5-mm-diameter THz beam. The 
samples were illuminated with an optical excitation beam at an angle of -10°. To obtain the optical switching, we 
compared the behavior of resonant THz transmissions through metallic hole array under various optical excitation 
fluences. The thickness of the metal is much thicker than the skin depth of metal at optical frequencies. Incident 
visible light interacts with the substrate only through the hole areas and generated photocarriers as shown by the 
yellow areas at Fig.2. 

Figure 3(a) shows the THz transmission IT((i)~=IEsom((i))/Eref((i)~through the metal hole array on GaAs 

substrate at various pump fluences normalized to the transmission of a blank unexcited GaAs reference slab. The 
dielectric constant of metals at THz frequency is much larger than the dielectric constant of 

dielectrics I[ ~t;) 12 f » Ell . Thus, the resonance frequency of the fundamental SPP mode of the grating at 

normal incidence is approximately given by Jres = c/(L.Ji':), where L is the period of the hole array, £1 is the 

dielectric constant of the substrate, and c is the speed of the light in vacuum. Transmission measurements show 
fundamental surface plasmon resonances of the [I, 0] mode around 0.8 THz, which is close to the theoretical 
prediction of 0.88 THz. Without optical excitation, the peak transmission at resonance is 37% relative to the blank 
unexcited GaAs slab. The transmission drops under photoexcitation because of the creation of a photoconductive 
layer on the top of the GaAs substrate as shown in Fig. 3. 
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Fig. 3 (a) Teraherlz transmission spectra through hole array on GaAs. (b) Comparison of the terahertz transmission at 0.8 THz (SPP 
Resonance) through the blank GaAs slab and the hole array on GaAs as a function of the pump fluence: Solid circles represent the 
measured data and the lines are the biexponential decay linings . Inset shows the flat transmission through the GaAs slab. 

The thickness of the photoexcited layer on GaAs for 800 nm light is ~0.8 11m. The DC conductivity of the 
photoexcited GaAs layer for a fluence of 16 lll/cm2 was estimated at about 200 (Q-cmyl and decays with time31

• 

The transmission at the resonance drops to 7.5% with an excitation fluence of 8 IlJ/cm2. The intensity modulation 

depth can be defined as, (T02 - T}ump )jTl where To and TplIIl1p are the amplitude transmission without and with 

pump. We obtained over 95% modulation depth with an optical tluence of 8 lll/cm 2
. We also performed THz 

transmission through a blank GaAs slab as a function of the pump tluence. Figure 3(b) shows the comparison of the 
fluence dependent transmission of metal hole array on GaAs (dotted lilne) and blank GaAs slab (solid line) at 0.8 
THz. A bi-exponential decay function is used to fit the measured data. The normalized transmission through the 
photoexcited slab exhibited a broadband and tlat attenuation as shown in the inset of Fig. 3(b). Measurements show 
that within the low tluence limit (in our case < 15 lll/cm2

) the transmission ampl itude of the hole array sample 
decays faster than the broadband transmission in the blank substrate. This suggests that SPP resonance damping 
plays an important role in modulation beyond simple propagation loss through the photoconductive layer. 
Apparently, only weak illumination is required for the photoconductive layer to damp the SPP resonance across the 
holes. However, at higher tluence the GaAs behaves as a metallic substrate and the THz transmission through 
metallic hole arrays and bare GaAs both suffer high attenuation. We have not noticed any pump dependent shift in 
the resonance frequencies . Due to the direct bandgap and higher mobility of photocarriers, GaAs requires low 
tluence for the complete switching compared to the tluence used in Ref. [26] for a grating on a silicon substrate. 

The SPP sample on GaAs substrate does not show the recovery of the SPP resonance for hundreds on 
picoseconds. To demonstrate the switching recovery, we measured the THz transmission through metallic hole array 
fabricated on the ErAs:GaAs superlattice substrate. The ErAs:GaAs superlattice layer was 2 11m thick to ensure 
complete absorption of the incident 800 nm light and it had a designed carrier lifetime of - 8 ps. The fluence 
dependent THz transmission through the metal hole arrays on ErAs:GaAs is shown in Fig. 4(a). During these 
measurements the optical pump delay was carefully timed to ensure maximum modulation of the transmitted THz 
pulses. Fluence dependent measurements are similar to those of metal hole array on SI-GaAs. A thin conducting 
layer of the photoexcited layer damped the surface plasmon across the holes, diminishing the resonance amplitude. 
We obtained almost 88% modulation depth of the transmitted terahertz intensity when excited a pump tluence of 8 
IlJ/cm2. Resonance amplitudes kept decreasing with increasing tluence until we observe a complete switch-off of the 
transmitted THz resonance for an optical tluence of - 32 f.d /cm2. 

The ultrafast switching recovery of the surface plasmon resonance in the metal hole array on the ErAs:GaAs 
superlattice substrate is demonstrated through the measurements of the THz transmission as a function of the time 
delay after the photoexcitation. The experimental results are shown in Fig. 4 (b) with an optical excitation tluence of 
8 IlJ/cm2. It clearly reveals the annihilation and then fast recovery of the resonance at 0.8 THz (as well as the higher 
order resonances) . Transmission shows a pronounced resonance before arrival of the optical pulses. It is then 
strongly attenuated within I ps after optical pulse arrival, but eventually recovers as the time delay increases. 
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Fig. 4 (a) Resonant terahertz transmission spectra through a metallic hole array on an ErAs:GaAs superlattice substrate. Optical pump delay 
was carefully set to zero to obtain maximum modulation depth. (b) Pump delay dependent transmission spectra with an optical pump Huence 
of 8 ~J fern' . 

Unlike bulk GaAs, the superlattice shows a fast carrier relaxation because ErAs nanoislands trap photocarriers 
immediately, long before they complete the recombination process. The measurement shows that the resonance 
recovery time is - \ 0 ps, approximately the carrier lifetime in the ErAs:GaAs superlattice. This fast recovery of the 
resonance demonstrates the ability of such metallic gratings to work as ultrafast modulators at room temperature. 
Shortening the carrier lifetime could further reduce this resonance recovery time. 

The resonant THz transmission through the 2D metallic hole arrays usually reveals a Fano line shape due to the 
coupled contributions of the resonant and direct (non-resonant) transmissions. The Fano transmittance can be written 
as20

, 

(2) 

where 6.£v = ((OJ - OJv )/(Iy / 2)), Ta is a slowly varying component associated with the direct transmission, and Th is 

the contribution of a zero-order continuum that couples with the discrete resonance. Figure 5 shows the Fano fitting 
for the GaAs grating before and after photoexcitation with 8 ).11 /cm 2 optical fluence. The Fano line shapes agree well 
with our measured fundamental resonances before and after the photoexcitation. The resonant state is characterized 
by the resonant frequency OJy , linewidth I v , and the Breit-Wigner-Fano coupling coefficient qv . Fitting shows that 

the resonance frequency and linewidth remain unchan 

o Measured data 

-- Fmo filling 
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Fig. 5 Fano model fining of the experimental transminance. 



The fitting parameters for the unexcited samples are: T.=O.OOO I, Tb=0.0002; and for the photoexcited sample are 
T.=O.OOOOI, Tb= 0.0001. The other common parameters are ql=23.9248, r l=0.1224, ffil=0.7732, q2=17.2833, 
r 2=0.24, ffi2=1.082, q)=13 .3153, r)=I.O, and ffi)=I.5. The excellent agreements between Fano fittings and the 
experimental results reveal the contribution of both resonant and direct transmission to the SPP resonances. 

IV Dynamic switching between surface plasmon and localized surface plasmon resonances 

Electromagnetic field enhancement due to resonant excitation of dipolar localized surface plasmons (LSPs) also 
occurs when electromagnetic waves impinge upon subwavelength metallic patch arraysJ2-J5 which are 
complimentary structure to the metallic hole arrays. In contrast to SPPs, the LSP resonance in the subwavelength 
geometries appears as a well-defined minimum in transmission with a central frequency primarily determined by the 
dimension of the particle and the dielectric function of boarding media. The coupling effect between SPPs and the 
localized modes have also been well explored recentl/' ,6-37. In this section, we present an active plasmonic film 
that allows instantaneous, large, and dynamic transitioning of the transmitted terahertz amplitude and phase by 
switching between the SPP and LSP resonances on a single integrated chip. Such plasmonic film was 
lithographically fabricated from silicon-on-sapphire (SOS) and is comprised of periodic arrays of metal patches and 
silicon holes. An evolution from a LSP to a SPP resonance reveals a large dynamic changeover effect and a giant 
phase shift (up to ,,/2). 

The composite plasmonic film was patterned on a 350 Ilm thick undoped SOS substrate having a 500 nm thick 
epitaxial silicon layer. The sample is schematically illustrated in Figs. 6(a) and 6(b), where the AI patches and 
silicon holes are periodically fabricated using two-layer photolithography on a single chip. The 200 nm thick AI 
patches were first metal.lized on SOS and then the silicon holes adjacent to the patches were formed by reactive ion 
etching38

. The resulting 78 x 25 flm 2 rectangular AI patches and 65 x 50 flm2 rectangular silicon holes have the same 
periodicity of 100 flm. The dimensions of the patches and holes were designed to optimize overlapping between the 
LSP transmission di and the SPP band- ass eak. 

(a) (b) 
Fig. 6. Schematic of (a) a single unit cell, and (b) the periodic array comprising the 
composite plasmonic crystal. 

The sample is measured using an optical pump THz probe spectrometer and the switching is obtained under 
optical excitation. In the absence of optical pumping, the silicon layer is highly transparent to the THz radiation and 
thin structured layer of silicon does not have evident affect on transmission while the THz propagating through 
samples. During measurements, the THz radiation was impinging on the sample at normal incident with the THz 
electric fields along the length of AI patch. The frequency dependent transmission of the sample was obtained by 
comparing the THz transmission through a bare sapphire substrate. 

Figure 7 shows the resonant terahertz transmission through the composite structure with and without optical 
excitation. Without optical excitation, a well-defined transmission minimum occurs at 0.78 THz due to dipolar LSPs 
of the Al patches. The LSP resonance is also described through the relation ()) . /2Tr = (c/2L \~-V2, where c is the 

I~SP )G d 

speed of light in vacuum, L is the length of the island axis parallel to the terahertz electric field, £ is the dielectric 
d 

function of the substrate34
• However, with an optical excitation of tluence 1.2 mJ/cm2, the transmission is switched 

from band-stop to a band-pass with a characteristic transmission peak at 0.86 THz. Due to photo-doping, the silicon 
array becomes metallic and favors the resonant excitation of SPPS20. Such a SPP resonance is ascribed to the metal-



sapphire [± I, 0] SPP mode with the relation lO~p / 2;r = (c/ P ) ["'m "' ,pi" / ('" m + '" SPI,,)]-1/2 , where p denotes the lattice 

constant of the array, '" and", and are the dielectric function of the photoexcited silicon and sapphire20
. 
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Fig. 7 Measured fundamental resonances at OJ,.IP /2n (dotted curve) and OJsp / 2;r (solid curve) . 

The measured characteristic transition between the LSP and SPP modes under various optical excitations is 
illustrated in Figs. 8(a) and 8(c), respectively, for the frequency-dependent amplitude transmission and the 
corresponding phase change. In order to tailor the offset between the LSP and SPP resonance frequencies, we 
intentionally rotated the chip about the normal of the array plane by 20° to modify the effective length of the patches 
and the geometrical parameters of the holes. Since the undoped silicon hole array does not support SPPs without 
optical excitation, only a dipolar LSP mode at 0.81 THz is observed35

, showing a band-stop resonance. With optical 
excitation, the dielectric function of silicon is modified due to photo-generated free carriers, and the LSP resonance 
gradually diminishes with a broader linewidth and a less pronounced transmission minimum. The further increase in 
optical excitation alters the dielectric function of silicon such that it begins to present metallic properties. Thus, the 
Al patches can be electrically connected by the metallic silicon film and the charges confined to the AI patches will 
be redistributed over the whole film surface. As a result, the LSP minimum gradually disappears and the SPP 
resonance peak appears almost at the same frequency. With strong optical excitation, the silicon film along with the 
Al patches form a metallic hole array, exhibiting an overall band-pass type SPP response . We also observe that the 
resonance frequency of the SPP mode slightly red-shifts with a narrower linewidth due to reduced damping rate of 
SPPs. At 1.0 mJ/cm2 optical excitation, the resonance is located around 0.83 THz, originating from the metal­
sapphire [±I ,O] SPP mode. 

To gain further insight, two-dimensional finite-element simulations using CST Microwave Studio were carried 
out to model the transition characteristics between the LSP and S~P resonances . In the simulation, the sapphire 
substrate is treated as a loss less dielectric with '" 1 = 9.61 and the AI film is modeled as a Drude metal. The 

sp lr 

simulation results shown in Fig. 8(b) reproduce very well the characteristic amplitude transition between the two 
observed resonance modes . The transmission response of the composite structure undergoes three characteristic 
states, namely, the LSP, SPP, and intermediate states. The LSP state occurs when optical excitation is not yet 
applied and the chip behaves as an array of the 78 x 25 Jlm2 AI patches. The electric field distribution of the 
composite structure is calculated at the resonance frequency and illustrated in Fig. 8(e). It indicates that the electric 
field is mainly confined around the AI patches due to dipolar LSPs and their coupling between adjacent patches. 

The intermediate response state takes place at 0.4 mJ/cm 2 optical excitation where a nearly flat response is 
observed in the transmission, i.e. the signature of the LSP mode disappears while the SPP resonance peak has not 
yet been established. As optical excitation approaches 0.4 mJ/cm2

, the real part of dielectric function [; of silicon m, 

is gradually altered from positive to negative. Thus, the LSP minimum gradually broadens and disappears due to 
damping, a result of ohmic losses in the silicon layer. Meanwhile, the resonance shifts to lower frequencies due to 
modification in the dielectric function of the silicon layer [ II]. It is interesting to note, although the silicon layer has 



acquired metallic properties by having a negative real part of dielectric function G,,,, at 0.4 mJ/cm2 optical excitation, 

the SPP resonance is not yet established. This is because the thickness of the silicon layer also needs to be larger 
than one third of the skin depth!> to support the SPP resonance. At 0.4 mJ/cm2 optical excitation, the skin depth of 
silicon is 3.96 11m at the resonance 0.81 THz, nearly eight times of the layer thickness. It thus does not support the 
SPP resonance. Nevertheless, as illustrated in Fig. 8(t), a weak SPP electric field appears confined in the silicon 
holes, while the LSP signature disappears. 
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FIG. 8. Frequency-dependent amplitude transmission at various optical excitations: (a) experimental results, and (b) simulation 
results. The measurements and simulation results for different optical excitations are vertically shifted by 0.5 each for clarity. (c) 
Measured corresponding phase change. (d) Optical excitation dependent phase change at 0.76 THz. Electric field distribution at 
resonance frequencies .under various optical excitations: (e) 0, (I) 400, and (g) 1000 ~J/cm'. 

When optical excitation is increased above 0.4 mJ/cm2
, the silicon layer exhibits improved metallic properties 

that lead to reduced skin depth. The SPP state begins to emerge with a resonance peak, which red-shifts and narrows 
in linewidth with increasing optical excitation. Although the thinner skin depth in the photo-excited semiconductors 

. was found to reduce the effective size of the holes, the effect on the transmission amplitude is negligible when the 
silicon layer is sufficiently thin15

. 32, as in this case. The high density of photo-generated free carriers in the silicon 
layer enables a relatively high ratio of the real to imaginary parts of dielectric function - Grn'! G,m ' which plays a 

crucial role in the improved resonance enhancement at the maximum optical excitation 1.0 mJ/cm2 
.,9 . A strong 

electric field due to SPPs is now revealed in the holes, as shown in Fig. 8(g). The observed resonance shift and 
linewidth narrowing effects mainly originate from the improved metallic properties; this leads to higher magnitudes 
of the silicon dielectric function and less damping. 

Along with the amplitude transition between the dipolar LSP and SPP modes, the transmission phase undergoes 
a strong modulation. Figure 8(c) depicts the measured characteristic evolution of phase change under various optical 



excitations at 0.76 THz. Due to the Kramers-Kronig relation, the transmission amplitude and phase change are 
dependent on each other. At 0.76 THz, the amplitude shows minimum modification but the phase undergoes a 
maximum change, as shown in Fig. Sed). At 0.81 THz, however, the phase intersects for various optical excitations, 
but is accompanied with a maximum amplitude var,iation. Under 1.0 mJ/cm2 optical excitation, a maximum phase 
shift of 1[/2 is achieved, thus showing great potential for large dynamic phase modulation at terahertz frequencies4o. 

To further improve switching contrast, sharper SPP resonances can be achieved by use of semiconductors of higher 
carrier mobility, for example, GaAs. It is also possible to achieve ultrafast switching between the LSP and SPP 
modes by implementing ErAs:GaAs nanoisland or any other epitaxial films that have ultrashort carrier 
recombination time. 

V Conclusion 

In conclusion, we have demonstrated ultrafast switching of the SPP resonance on a two dimensional metallic 
hole arrays. ErAs:GaAs sample shows an intensity modulation depth of ~88% with an optical pump fluence of 8 
IlJ/cm2

, and SPP resonance recovery (switching) time of ~ lOps. Our data suggests that SPP resonance damping 
enhances modulation in the low fluence limit compared to simple propagation loss in the photoconductive layer. We 
point out that our hole array on ErAs:GaAs requires an order of magnitude lower optical fluence compared to the 
work in Ref. 18 and room temperature operation supports future applications . In addition, we demonstrate a 
composite terahertz plasmonic crystal that exhibits large a dynamic transition between the dipolar LSP and SPP 
resonances under optical excitation. The reversal in transmission amplitude and up to Jr/2 phase shift observed in 

the composite plasmonic crystal make it promising for optical changeover switching and large dynamic phase 
modulation, as well as active plasmonic device applications. 
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