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ABSTRACT

We present the design of single, dual and triple resonant THz absorber based on metamaterial. The single band
absorber is composed of simple ring array and the dual band absorber is the unlimited cycle array of two
concentric rings. The triple absorber is produced by a ring and two sguare split ring with different size. Smulation
results show that the three proposed designs can performs strong absorption peaks more than 90% at fundamental
resonant frequencies, which show the potential of metamaterial in controlling terahertz radiation. The absorbers are
uncomplicated, well-separated and strong- absorbed, which is beneficial for the design of terahertz devices.
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INTRODUCTION

In recent years, there has been increasing resaarahetamaterial [1-5] that has specific electronet
responses which can not be realized in nature, ascleft-handed materials [6-7], photonic crystatsl super
magnetic materials. Recently, it has been found itietamaterials have special advantage in the demaliTHz)
band, a band between 0.3 THz to 10 THz, where masgtrials in nature have been proven to exhibitkvedectric
and magnetic responses. Owing to good controllingh@tamaterial in the terahertz (THz) band, sometional
THz devices were successfully demonstrated, suckwdtehes [8-10] , absorbers [11-15], filters [1®}1and
modulators [19].

Among different structures studied in the pastahiertz single-band and dual-band absorbers hagadsirbeen
fabricated and experimentally proved. In text [1d]symmetrical structure is proposed to producsihgle band
which can be adjusted by controlling dielectricdathicknesses at 4.1, 4.2, and 4.5 THz with ak&ortrength of
98%, 95%, and 88%, respectively. In text [13], alchand metamaterial absorber was simulated andunesd,
which show the absorber has two distinct and stalvgprption points near 0.45 and 0.92 THz. In f&4}, a kind
of triple-resonant metamaterial based on asymmsplicring resonator (SRR) was researched, wieelized three
transmission minima of 23%,25%,42% at 0.38, 0.58, @74 THz, respectively. The design and the ¢altion of
multi-resonant metamaterials are potentially usefthe multiple band-pass or band-stop THz devitksvever, in
THz regime, only a few papers present study on rthdti-resonance{3), and most papers concentrated on
two-resonance structure. In this letter, we haveppsed three designs of single, dual and triplenast THz
absorber based on metamaterial. Compared to ean@rosed split ring resonator (SRR) structures, ttiree
proposed absorbers realize a good performancehthatansmission minima is all blow 10% and theegponding
frequency is blow 0.5 THz, which are more likely lie used in the current technology condition. Besidhe
resonant frequency of the proposed structures tsan ks regulated by changing the resonant strudize as
different needs. The proposed terahertz absorbave Buch good properties as strong absorption angles
structure. It may be useful to the realizationaf loss 2-D planar MTM for multifunctional applidans.
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EXPERIMENTAL SECTION

1. DESIGN OF SINGLE RESONANT METAMATERIAL ABSORBER
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Figure 1. (a) Structural parameters of the SRR unitcell, P=125pm, P;=90 um, g=8 um, w=10 um. (b) the structural parameters of the
SLR-C unit cell. P=125um, a=120pm, R=30 um, P,=100um. (c) and (d) are transmission spectra of individal sample with different
structural for single layer and two layer

As shown in Figure 1, a single band absorber iggded which is composed of only one ring. A 500-mickness
of gold was deposited on a 50-m-thick polyimidesitdte. The radius of the ring is 150 um. The eizthe square
unit is 17Qumx17Qm. All the simulation of the metamaterial unit igtionized and obtained with CST Microwave
Studio, choosing periodic boundary conditions althmg x-axis and y-axis directions and open-add-agandition
along the z-axis. From Figure 2(a), we can find tha metamaterial with single ring produce a wigilgonant band
around the frequency of 0.22 THz and strong aborgieak of 98%. It can be found from the currdstribution
(Figure 2(b)) on the ring that the current symneelty concentrates on the
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Figure 2. The simulated transmission spectra and sface current distribution of the proposed single esonant metamaterial absorber. (a)
simulated transmission spectra of the proposed stature. (b) surface current distribution at 0.22 THz
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Figure 3. The simulated transmission spectra whemeeping R and L respectively. (a) R varies from 90m to 150 um. (b) L varies from
130 pm to 170 um fixing R at 120 um

left and right side of the ring, while the top adttom of the ring have little current. It mainlggknds on the
polarization direction of the E field. The reson&ejuency is determined by the semi-perimetehefring. From
Figure 3(a), when the radius increases, the semiapeer of the ring becomes longer, the resonatuency shifts
to the low frequency (redshift). Similarly, wherethadius decreases, it can be found that resorisamgency shifts
to the high frequency (blueshift).
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To understand the impact of the side length ofuhi¢ cell to the absorption peak, parameter swegpeirformed.
Figure 3 shows the simulated transmission spedtenwsweeping L for the single ring arrays with usdR=12@m.

From Figure3(b), we can find that with L increasirtige resonance frequency will blueshift and thsonance
bandwidth as same as the absorption peak becoti®e litis because that the mutual coupling amoingsr
decreases with the length of L increasing. As tletadce between adjacent two unit adds, effectiedectric

constant of the absorber based on metamateribbisged, which in turn changes the resonance freguen

2. DESIGN OF DUAL RESONANT METAMATERIAL ABSORBER

As shown in Figure 4, two concentric rings are gt to produce dual absorption bands. The raditisedbig
ring is as same as the ring mentioned above (15D gna the radius of the small one is fixed at 100. The
simulate transmission characteristic shows that gtracture can perform absorption peaks at two na&@so
frequencies 0.22 THz and 0.38 THz with the absompéibout 97% and 96%. From Figure 5, at the frequém22
THz, the current mainly flows through the big rir@imilarly, the current is mainly distributed imet small ring at
0.38 THz. The big ring and the small ring haveditinfluence each other, which shows the two rikgep
well-separated.

(@) - (b)
Figure 4. The dual-resonant THz metamaterial. (a)he dual-resonant unit cell. (b) a portion of the poposed metamaterial.
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Figure 5. The simulated transmission spectra and sface current distribution of the proposed dual re®nant metamaterial absorber. (a)
simulated transmission spectra of the proposed stature. (b) surface current distribution at 0.22 THz (c) surface current distribution at
0.38 THz
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3. DESIGN OF TRIPLE RESONANT METAMATERIAL ABSORBER
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Fig. 6. (Color online) The structure of the tripleresonant THz metamaterial absorber. (a) geometriesf triple-resonant unit cell. (b) a
portion of the TRTA

The designed asymmetric triple-resonant THz absasgbeshown in Fig. 6. Fig. 6(a) shows the geometries of
triple-resonant unit cell. Fig. 6(b) shows a partiof the unlimited cyclical array of the unit. Thesonant unit
consists of one ring and two split rings. Each mesor produce an absorption peak to the THz wavee T
dimensions of a resonant unit are as follows: Ly@=p6n, Ly=200 um, D1=280 pm, D2=160 pm, D3=430 pum,
x1=150 pm, x2=110 pm, y1=180 pm, y2=140 pm, S=5RAG5 pm.
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Figure 7. Simulated transmission characteristics ofhe proposed structure and The relationship of vaation of Size of Lx and Ly and
resonances of the TRTA. (a) Simulated transmissiocharacteristics of the proposed structure. (b) Vartion of Lx. (c) Variation of Ly

Figure 7 shows the simulated transmission chaiatiter of the proposed triple-resonant THz absodylying
CST. It shows that the proposed structure realidpke resonant at 0.174 THz, 0.2675 THz and 0.38b62 with

absorption peaks strength 92.39%, 92.8% and 94.1i&8pectively, which are produced by two split regors and
a ring. Because of coupling among adjacent unisctie size of Lx and Ly will influence resonargduency and
resonant-band width. As shown in Figure 7(b), whgnincreases, the three resonant frequency willretese, and
the highest resonant frequency at 0.3855 THz wstppear when Lx increase to 330 um. On the othed,has Ly

increases, the three resonant frequency shiftgio tiequency and the absorption strength reduoagltsineously as
shown in Figure 7(c).

Figure 8 show the surface current stimulated byitb&lent wave in the triple resonant structurecdh be found
that the three resonant frequencies are causeifféredt resonant structure respectively. The sigrfaurrent mainly
concentrates on the left big split resonator neardwest resonant frequency 0.174 THz, while tiéase current
of the other two resonators is weak. At the secasdnant frequency 0.2675 THz, surface current Ijndiows

through the right small split resonator and it camtcates on the middle ring near the highest regofnrequency
0.3855 THz. It shows that the three resonators kedisseparated each other.
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Figure 8. (Color online) The circular surface current distribution of designed TRTA near different resonant frequencies. (a) Near the
lowest resonant frequency 0.174 THz. (b) Near theiddle resonant frequency 0.2675 THz. (c) Near theighest resonant frequency 0.3855
THz

RESULTS AND DISCUSSION

1. SLOT IN DIFFERENT POSITIONS

To study the influence of the polarization direntiof the incident wave to metamaterial resonan@eagdteristics,
we will compare the performance of the ring reson& the conventional split ring resonator (SRB¥igns. For
better comparison, we choose same condition inhite= design as 500-nm thickness of gold and 5Ghickness
of polyimide substrate. A radius R=120 um of rieganator and SRR (gap up), R=50 um of SRR (gapdsft a
lattice constant of Lx=Ly=150 um would be chosentkat the resonance at a similar frequency of the f
structures. Figure 9 shows simulations of the wassion spectra.
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Figure 9. Simulated transmission through a ring resnator, and two split ring resonators

As is shown in Figure 9, the resonant frequencyirgg resonator is 0.295 THz with a FWHM bandwidthl@2
GHz. And the one of the SRR (slot up) is exactly $ame with the ring resonator both in resonamjuzacy and
FWHM bandwidth. In other words, the slot in the top the ring have little effects on the transmissio
characteristics of the THz wave. However, for SRRt(right), the resonant frequency is 0.295 THthvai FWHM
bandwidth only 9.5 GHz. Conventionally, the Q-factdefined as Q=fif (the ratio between the resonance
frequency fr and the bandwidtf determined at the FWHM), is a measure of the @hdife time in the resonator,
and it is usually related to the sharpness of dsemance. The Q-factors of the ring resonator, 8RR up), SRR
(slot right) and SCR are 2.4, 2.4, 31.11, respeltivihe Q-factor of the SRR (slot right) is funthegher than the
ring resonator and SRR (slot up). For absorptieakp the ring and SRR (slot up) structure can &ehé high
value of 97%, while the SRR (slot right) only havabsorption peak of 71.4%, which shows that thg and SRR
(slot up) structure perform better in absorptioersgth.

(@) (b) (c)

Figure 10. The surface current distribution of theproposed ring and SRR arrays. (a) surface current dtribution on the ring. (b) surface
current distribution on the SRR (slot up) at 0.295THz. (c) surface current distribution on the SRR ($ot right) at 0.295 THz
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As shown in Figure10(b), for SRR (slot up), sameiag resonance, the current direction of the tliefy resonance
is contrary to the current direction of the rigimigrresonance, and the split has little effectt@ndurrent distribution.
But for SRR (slot right), the current directioncgnsistent throughout the whole resonance. Soldutrieal length

of SRR (slot right) is longer than SRR (slot up)ittAsame resonant frequency, the SRR (slot rigihticiire has

more smaller radius and higher Q-factors than S&®& (gp). The ring resonance and SRR (slot upktira have a
bigger radius than the SRR(slot right). Thus thetasice among adjacent resonant cells is smalléchwbads to

stronger coupling and higher absorption peak.

2. DUAL LAYER RESONANT STRUCTURE

We study the effect of dual layer resonant strectum the THz wave transmission characteristics. ariecell of

the metamaterial is composed of two-layer metalleiplated on surface of the 50-um polyimide swattstrThe
radius of the metal circle is 125 um. The directainelectric field is perpendicular to the x cooratie and the
direction of magnetic field is parallel to x coardte. Fig .11 shows the single layer unit cell Hvaltransmission
characteristic curve. Fig .12 shows the singlerayst cell and transmission characteristic curve.
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Figure 11. The unit cell of the single layer metantaria and the transmission characteristic curve

As show in Figure 11(b), the proposed single lamrcture achieves strong absorption of 99.5%@T6lz but has
a slow falling edge in the bandstop. From Figuré},2he dual layer metamaterial realizes a widsogftion band
from 0.4 THz to 0.71 THz (below 0.2 in the transsios curve) and fast rising and falling edge. Dagkr design
enhances the metamaterial absorption strength Wa¥e. The dual layer metamaterial with fast gsamd falling
edge may be useful in the THz filter applications.
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Figure 12. The unit cell of the dual layer metamatea and the transmission characteristic curve

CONCLUSION

In conclusion, we have designed three THz metanahtabsorber. The single band absorber achievesda w
resonant band around the frequency of 0.22 THz sarahg absorption peak of 98%. The dual band aksorb
realizes two resonant frequency at 0.22 THz an8l Tz with the absorption about 97% and 96%. Tlyenasetric
triple-resonant THz absorber have three distingbmances near 0.174 THz, 0.2675 THz and 0.3855Witlzthe
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absorption peak strength of 92.39%, 92.8% and 94.18Bur designed structures are uncomplicated, seglhrated
and strong-absorbed, which is beneficial for theigie of multi-band terahertz devices.
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