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Subwavelength InSb-based
Slot wavguides for THz
transport: concept and practical

i implementations

?'Y(jf)ﬁq)fé%”ﬂ/lav,v JunzZhou* JaromirPistora¥, MohamedEldlioY Nghia Nguyen-Huu¥

Hiroshi Maeda? QiangWu{ & MichaelCada®

. Seeking better surface plasmon polariton (SPP) waveguét is of critical importance to construct the

. frequency-agile terahertz (THz) front-end circuitsWe propose and investigate here a new class of
 semiconductor-based slot plasmonic waveguides for subwalength THz transport. Optimizations of

. the key geometrical parameters demonstrate its better gudling properties for simultaneous realization
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. the THz spectral range. The feasibility of the waveguie for compact THz components is also studied to
. lay the foundations for its practical implementations. Importantly, the waveguide is compatible with
. the current complementary metal-oxide-semiconductor (CMDS) fabrication technique. We believe the
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and can be designed into various components for futuretegrated THz circuits (ITCs).

. Metal nanostructures allow the guiding and manipulation of electromagnetic (EM) eld beyeuii taction

. limit and are widely considered to be the most promising candidate for the realization ofat@opsical com

: ponents and integrated photonic circuits (IPE#)s the subwavelength information carrier, the metal structures
:can support the well-known surface plasmon polaritons (SPPs), which are the EM wplesktodhe electron

. oscillations and propagating along the interface between the dielectric and metallic matetiaiso®es have

¢ found applications in areas of on-chip waveguiding, biosensing, near- eld microscopy and magneto-optic data

. storagé”’. e metal based SPPs devices could provide the nanoscale mode con nement, but kigtirber

. entin metal optics and it further increases when the mode sizes are downscaled into the subwavelength leve
. Basically the mode con nement of SPPs becomes strongerthgneperating frequency is closer to the intrinsic

: plasma frequencies of metals, with more eld of SPPs distributed in the vicinity of metal surface thusdeading t

. alarger propagation loss, which suggests a potential leverage to balance the tradeo between mode ton nemer
. and loss by tuning the plasma frequencies of nietddsvever for noble metals i.e. gold or silver, it is very di cult

. to alter their plasma frequencies due to rather xed large carrier concentratiodgml®. On the other hand,

: plasmonic devices using metals are not compatible with the industry fabrication process, supfeaseroany

: metal-oxide-semiconductor (CMOS) technology, which allows the low-cost fabrication of large-scale photonic

. structures and their integration with nanoscale electr8nics

At the same time, an alternative plasmonic material i.e. semiconductors (SCs) o ers a mole wvethatd

* to engineering the propagation properties of SPPs than metals, in which the free carriers ctaollssl dnn
- doping, resulting in a plasma frequency typically in the terahertz (THz) dir@@miconductors have permit
. tivities at the THz range close to those of metals at the optical range. Unlike metals, the plasmamtéristics
. of doped SCs can not only be tailored by controlling surface pattbuisalso the carrier concentratitri—
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Figure 1. Schematic diagram of 3D view of proposed slot plasmonic THz waveguide.

degrees of freedom that are unavailable in metal materials. Such unique propegismde SCs attractive for
various intriguing applications in advanced plasmonic THz sydfems

In comparison with visible and infrared (IR) waves, the THz radiation can penetrate into many materials
without causing any damage because of its low photon energy. erefore the THz technolayy ieaeiv
ing an extensive attention with great promises for wide applications such as material chatantérigady
of electronic coherence of S€diochemical sensiffand highly integrated THz circuits (ITG&)Similar
to IPCs, the development of ITCs leads to a new generation of fadts® and on-chip subwavelength
THz devices. In this regard, various designs of plasmonic THz structures including wavégdéles
tors?®, source®, resonator® and sensofé have been proposed and demonstrated. For example, the so-called
semiconductor-dielectric-semiconductor (SDS) waveguide was intensively studied recenthgy shgreat
potential to build ultra-compact THz plasmonic eleméhts However, the SDS waveguide cannot possess
a lateral con nement and thus lacks an enriched mode spectrum. To overcome this shortcoming, a THz SC
slot waveguide, with a mode area smaller tH4256, has been recently propo¥eds type of a waveguide
could provide a stronger mode con nement, but the asymmetric refractive index distribution would induce the
mode leakage for a relatively larger slot width, which in turn restricts its degree of freedom éordesign.
Meanwhile, the THz slot waveguide with stubs was experimentally investigated and explored for detecting bio
logical sampled

Although the guiding properties of SDS and slot waveguides have been %tdgliadnore general
three-dimensional (3D) SC slot waveguide with fabrication compatibility to the standard CMOS micro-electronic
technology has not yet been systematically investigated and reported (the advantagesed ptopaisre
over those reported in refs 24—26 have been explained in detail and shown in the Supplementary mformatio
Moreover, the extended discussion about its practical applications has yet to be explorede eréiis paper
we conduct a comprehensive investigation on a 3D SC slot waveguide with extended applications at THz fre
guencies. e detailed modal analysis demonstrated that the proposed waveguide o ers a superior aapacity f
low-loss THz transport with propagation lengths reaching up to several millimeters at a subwavelength leve
and with a mode area of/530 at 1 THz. e structure is compatible with the SC fabrication technologies and is
expected to be an interesting alternative con guration to realize the ultra-compact devices and gefidars fo
applications.

Results
A schematic diagram of a 3D view of the proposed SC slot waveguide is shown in Fig. 1.akli¢teristics of
the structure and the coordinate system are depicted in the gure. In our design, the material for the guiding layer
is selected as silica ($i@ue to its excellent transparency and relatively low re ectivity at THz frequ&ncies
On the other hand, the semiconductor material is chosen as indium antimonide (InSb) because it has a narro
energy gap and a large electron density, which has been deatexhsh support low-loss tightly-con ned THz
SPP modé& e frequency/temperature-dependent permittivity of InSb is described by the Drude rffodel

2

P

InSb -

i )

where

p J Ne2/ oMyt (2)

where is the angular frequency of the incident EM wavess the high-frequency permittivity,is the damp

ing constant, , is the plasma frequen®yis the electron charge, is the vacuum permittivityn, is e ective

mass of a free carrier aNds the intrinsic carrier density which is temperature-dependent and can be expressed
aso
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Figure 2. Contour plots of§) real andlf) imaginary parts of permittivities of InSb versus both temperdture
and frequency. Black line shown in (a) is for Réalsy O.

15 10%T 0129
kg T (3

whereT andkg are the operating temperature and the Boltzmann constant, respectively. In this papier, SiO
assumed to be temperature-independent and lossless with a refractive index of 2.1 at THz frequencie¥.of interest
e structure is assumed to be illuminated by a TM-polarized light source.

It should be pointed out that the materials adopted in our design (i.e. Sar8iSb) and their correspond
ing synthesis techniques are known to be fully compatible with the standards in the CMOS*preqess-
posed fabrication process starts with the deposition of InSb apdr8&bn a Si substrate respectively with the
ratio frequency magnetron sputteriignd PECVD (plasma enhanced chemical vapor depositiechniques.
A rectangular groove on the upper SgDrface is then patterned by using the electron-beam lithography (EBL).
Finally the superstrate InSb Im is deposited on top of the patterned&i€r to form the proposed THz slot
waveguide.

Before examining the modal properties of the proposed structure, the dependence of the pgiwhitiSih
( sy ON the operating temperatur@)(and incident frequency)(is plotted in Fig. 2. From Fig. 2(a) it is noted
that the real part of,gpi.e. real (,,sp is divided into two parts by the black line representing the case of real
( msp O,whicharerealg) Oandreal(,y O.Itisknown thatthe implementation of plasmonic compo
nents requires a material with a negative real part of permittivity. InSb can thus act as a plasteciaiovhen
operated at certain temperatures and frequencies. From Fig. 2(a) it is also noted that the tunable rdnge of rec
(' nsp increases with decreasing the frequency and increasing the temperature. For example, when the tempera
ture changes from 2%0to 35K, the value of real (s varies from 29.9to 406.9 at a frequency of 0.8 THz,
with a tuning range ve times larger than that at a frequency of 1.8 THz (for this case the value,@frealy
varies from 6.6 to 68.1). However, this extended tuning range is achieved at the cost of the rdétateely
attenuation loss, as depicted in Fig. 2(b). erefore, carefully selecting the operating temperatuegaeddy
is crucial to simultaneously achieve a lower loss and a better tunability.

We now turn to investigate the dependence of the modal properties on the dealnperrameterst(h and
w, as shown in Fig. 1). e modal characterization is an essential step to design the waveguide devices to obtain
the optimized structural parameters. Figure 3(a) shows the mode e ective index and the propagation length of
the fundamental SPP mode for di erent temperatufeghen the value af varies from 10 to 60m, while the
frequency is xed at 1 THz (the wavelength is 30f). In this simulation, the other parameters are selected as
follows:h 15 mandt 30 m. From Fig. 3(a) it is found that the value of regl) (ncreases with the increase
of w, which is physically reasonable due to the larger overlap betineerotle eld and the material of SiO
While the propagation length is shown to increase at rst then decreases exhibiting maximum values at certain
values ofv, i.e. around 20m, where the propagation length,( 1.24 mm) is at least 2 times longer than that
reported in ref. 26 with, 0.3 mm. is phenomenon can be understood as follows: For a larger valwe of
(w 20 m), a larger portion of power will be in contact with the rib and lower InSb wallsimgsn a larger
dissipation loss. us the propagation length will accordingly become shorterh®mther hand, if the value of
wis smaller than 20m, the electric eld ) will be strongly localized around the end-face of the rib InSb wall,
as depicted in Fig. 3(b), forming a localized-SPP-like (LSPP-like) mode with a redéagivehfos¥. While for a
moderate value af (w 20 m), as shown in Fig. 3(c), the electric led is shown to be highly con ned inside the

N(em 3 (2400 T)°*T!529 10¢ 78 10T)exp
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Figure 3. (a) Dependences of modal properties of fundamental SPPs mode at frequency of 1 THz for di erent
width w and temperatur&. Normalized electric eld ab&() prolesforb)w 5 mand )w 20 mat
frequency of 1 THz.
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Figure 4. Modal properties of fundamental SPP mode as function of paramettevith di erent
temperatureT.

TPX subwavelength slot region. erefore, in the followirige value olv is set to be 20m to achieve a relatively
long propagation length.

Figure 4(a) shows the in uence of the paramétan the mode e ective index and the mode area with the
temperatureT at a frequency éf 1 THz. In this simulation, the waveguide parameters are chokenlds m
andw 20 m. A smaller mode area corresponds to a stronger mode con nement. e waveguide acts as a
parallel-plate waveguide (PPWG)-like whas very small, with the eld concentrated between the two parallel
InSb (lower and upper) walls, resulting in a larger mode area as well as a mode e ective inexedses,
the mode con nement will be improved in the lateral direction due to the fact that the e ective index of the slo
(between the rib and lower InSb walls) waveguide mode is larger than that of the PPWG mode. us the eld
will be tightly constrained into the slot region, as shown in Fig. 4, giving rise to a stronger mode &t nem
(i.e. smaller mode area) and a larger mode e ective index. From Fig. 4 one can dlabtkeariode area is
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Figure 5. Real parts of e ective indices of fundamental SPP mode as functions of frequédrand
parameterh.

not sensitive td whent is larger than 30m. erefore we will selectt as 30m in the following discussion to
maintain a compact physical size. e mode area for cate & m at room temperature is 17?2 equaling to
2/530, which is 130 times smaller than that of the di raction limited mode are&/4e.

e modal characteristics are also dependent on the paranteterd the incident frequendyFigure 5 depicts
the simulation results for the mode e ective index vefsaisdh. e parameters used in this simulation are
T 300Kw 20 mandt 30 m. ltis clear that the value of rea] | increases with increasififpr a giverh,
which is consistent with the permittivity variation shown in Fig. 2(a). Moreover, one cantdbe tredue of real
(ne ) increases with the decreasd ébr a xedf. A smaller value df results in a stronger mode con nement,
thus leading to a larger mode e ective index. For example, at a frequency of 1 THz, the mode e ective indices of
the waveguide with 15 mandh 5 mequaltorealn,) 2.667 andreah{) 3.182,respectively.

e results discussed above indicate that the proposed SC slot waveguide with optimized geonaetizal p
eters could guide the THz wave in a subwavelength region (hundreds times smaller than the di raction-limited
mode area) with a long propagation length (several millimeters), making it potentially a basicesfordfue
design of novel types of ITCs devices.

Discussion about InSh-based slot plasmonic waveguidder practical applications. Owning
to the superior guiding performance of the InSb slot plasmonic waveguide, below we focus on investigating its
practical implementations and applications. As illustrated in Fig. 5, the waveguide with di erent garamet
leads to the contrast of mode e ective indices. Obviously such contrast can be realized, as shown in Fig. 6(a,b
by periodically selecting di erent parametérandg (h  g) along the propagating direction of surface plasmon
wave (SPW). is periodical index modulation in turn forms the well-known photonic band gap (FB@)ich
is commonly utilized as Iters for achieving wavelength selectivaifurs. A variety of SPP lIters have been
intensively studied in the optical regi§r*8but for THz frequencies they are rarely investigated. Aulitly,
these SPP lters are passive, indicating the lteringaxttaristics depend on the structural parameters, thais th
Itering functions will be unchangeable once the devices are fabricated.

As an example of the design, the central Bragg fregusrset to b§ 1 THz. In this simulation, other
parameters are chosenTlas 300Kw 20 m,t 30 m,h 15 mandg 5 m. According to the Bragg cen
dition, i.e. 2Zn Real §, ,) 2d Real. 4  Where Reah( ;) 2.667 and Reah{ ) 3.182, itis known
that the Bragg scattering takes place aroyay selecting parametersmof 20 m andd 30 m (the grating
periodisdenotedd@ m d 50 m). By adopting these designed parameters, Fig. 6(c) shows the correspond
ing transmission spectra of the structure. As expected one can see that there is a PBG ardttzmwhen a
nite number of period (NoP) is considered. In principle, the Bragg scattering exists for any NoP; for the case
of the proposed structure, it is found that the minimum Noduied to obtain the transmission less than 1% is
10. However, the increase in NoP gives rise to a higher propagation loss, as shown in Fig. 6(c). In addition, on
can also see that some sidelobes appear on both sides of the PBG, which may be due to the light soattering at
abruptly disappearing boundary on both ends of the Bragg periodicity. Tefurerify the above results, the
normalized electric eld (ab<)) patterns of the structure at frequencies of 0.6 THz and 1 THz were investigated
and are summarized in Fig. 6(d) and (e), respectively. From Fig. 6(d) one can see that if the incident fsequency i
not within the band gap, the SPW is mainly guided through the structure and weakly a ected legénegiof
the Bragg grating. However, when the incidence frequency is located in the band gap, the transniafon of S
through the structure is forbidden, as depicted in Fig. 6(e). e results illustrate that the proposedrstican
act as a stop-band lter.

e transmission of the Bragg re ector is also highly dependent on the operating temperature. It is intporta
to investigate this because such a dependency o ers a possibility of enabling thermo- or electrogmasdio
ulation of a device. Figure 7 shows the e ect of the temperature on the centtafrBeagencyf() and the band
gap (‘f). e parametersusedarev 20 m,t 30 m,h 15 m,g 5 m,NoP 10m 35 mandd 40 m.
It is clear that botfi, and ' f increase with increasifig For exampld, (' f) varies from 0.86 THz (0.135 THz) to
1.095 THz (0.301 THz) fdrchanging from 260 K to 340 K. e in uence of temperature dretcharacteristics of
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Transmission

Figure 6. Schematic diagrams &) (3D view andlf) side view in y-z plane of Bragg re ector based on
proposed InSb slot plasmonic waveguidpT{ansmission spectra of Bragg re ector consisting of 5, 9, 10
and 15 periods. Contour pro les of normalized electric eld & fatterns at frequencies df) (0.6 THz

and € 1 THz.
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Figure 7. In uence of temperatureT on central Bragg frequencyfy) and bang gap (f).
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Figure 8. Transmission spectra of the Bragg re ector structure with FP cavity in middle of Bragg grating
for di erent temperature T.

FBG is mainly attributed to the variation of the mode e ective index, resulting from thgecbfithe permittivity
of InSh.

e periodic index perturbation forms a wavelength speci ¢ dielectric mirror, so a Fabry-Perot (FP) cavity
can be created by introducing a phase shi in the middle of the Bragg grating. e phase shi leads to a sharp res
onance peak within the band gap of the transmission, suggesting the Bragg re ector with FP caefeee p
for designing temperature sensors compared to the Bragg re ector structures. Figure Sishmamsmission
spectra with di erenflT when the 6 th period is designechasg 15 m. In this simulation other parameters
arew 20 m,t 30 m,h 15 m,g 5 m,NoP 11.m 35 mandd 40 m. As can be seen, the peak
frequency becomes higherBss increased, illustrating a temperature sensitivity of 6.6 > THz/K, which
is much higher than that of 1.42510 2 THz/K reported in ref. 24 and comparable to that of 71® 3 THz/K
achieved in ref. 39. e shi of the peak frequency is caused by the variation of ggglictduced by the temper
ature. In addition, one can see that the peak frequency will move out of the band gap if one choamesra high
a lower temperature. However, this limitation can be addressed by increasing the di erence betwegp)Real (
and Realrf, ), or in other words, by increasing and decreasing the valbemafy, respectively.

Another attractive application of the Bragg re ector with a FP cavity is to develop integosieasbrs since
it 0 ers a large overlap between the cavity mode and the analyte, assuming that the amalysetdépsported
into the microcavity through an integrated micro uidfcMoreover, it exhibits a narrow peak indicating a high
measurement precision. However, a scheme for biosensing is desired to eliminate the cross-sensierity betw
the refractive index and temperature variatténs

Even though the proposed SC slot waveguide provides a way to achieve the low-loss THz transport, the
intrinsic loss still limits its applications for the long-distance THz interconnect. One of the mosiveffec
approaches to address this limitation is to introduce a medium with gain, such as the boron-dopééilicon
neodymium-doped silidd or graphen#. e gain medium can be introduced inside the slot region, as shown in
Fig. 9(a), and the pump can be fed in either optical or electrica®™#fays our simulation the reported material
gain values are assumed, gz 35 dB/cm, 106 dB/cm and 176 dBfénfrigure 9(b) and (c) show the eval
uation of the net gain (or loss) versus the frequencytwith5 m and 50 m, respectively. e other parameters
aresetas 30 m,w 20 mandT 300K. As expected from Fig. 9(b), it is found that the loss of the SC slot
waveguide becomes smalleGag...iy inCreases, showing that it is possible to compensate the intrinsic loss of
the SPP mode. When the valuesgf,..i,; is large enough (i.6 i 176 dB/cm), the value & becomes
negative (as explained by eq. (6) in section of Methods), or in other words, a pure gain is generated. Awother po
should be noted is that the in uence of the gain medium on the propagation properties is temperature dependen
Figure 9(d) and (e) show the calculated net gain (or loss)with5 m and 50 m, respectively, as a function
of temperaturdl, by using parameters of 30 m,w 20 mandf 1THz. Similarly, the pure loss converts to
the pure gain by enhancing the material gain, and the lossless propagation can be realized at certiin thresho
temperature [, Where the value &,,; 0). If the temperature is higher thap, a pure gain is produced. In
addition, as shown in Fig. 9(d), the valu@ gflecreases with the increase of the material gain. For instance, when
Graerial 106 dB/cm andB,, i 176 dB/cm, the threshold temperatures are 299 K and 288p€ctevely.
Furthermore, from Fig. 9(b—e) it is seen that one can obtain a much higher purg ghivosing a larger slot
height. For example, with the same material galB,gf.ix 106 dB/cm, the pure gain for device with 50 m
(Ghet  12.4dB/cm) is at least ten times enhanced compared to thabhwitb m (G, 1.14 dB/cm)
atT 300K and 1THz. However, it should be noted that such increased pure gain is obtained by scarifying
the mode con nement. e selection of structural parameters should be subject to the tradeo betvesguréh
gain obtained and mode con nement.
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Figure 9. (a) Cross-section view of proposed slot plasmonic THz waveguide with gain medium introduced in
slot region (marked by red dashed line). Net gain (or loss) versus frequency for di erent material gain for case
of(b)h 15 mand €)h 50 m. Net gain (or loss) versus temperature for di erent material gain for case of
(dh 15mandg@h 50 m.

Conclusion

In conclusion, we have theoretically demonstrated low-loss InSbh-based plasmonic Shofides/er THz
transport, which is compatible with the current CMOS process and could simultaneously praiskeaes

length mode con nement and a long propagation length. We have shown that the mode propagation length
can reach several millimeters at a mode area bél6&0. Studies on Bragg re ectors and microcavity sensors
further reveal potential capabilities of the proposed waveguide con guration in developing cotagonErCs.
Because of promising guiding properties, the proposed waveguide possesses a great potentialéoneneaimp

tion of THz components integrated on a chip, thus opening attractive venues in various applications.

Methods

In the manuscript, the numerical calculations of the modal and propagatperies of the structure were
performed by means of the nite element method (FEM) so ware package (COMSQiphysics) with the
Radio Frequency (RF) module. e well-known perfectly matched layers (PMLs) wepiegad at the calcula
tion domain boundaries to absorb the re ection of the outgoing electrontiagmaves. Convergence tests are
done to assure the meshing and boundaries do not a ect the solutions. @afmroperties of the structure is
characterized by a complex propagation constant, ;. Here, ; and ; are the phase and attenuation €on
stants, respectively. en the real part of the e ective mode indexlisutated by Reah()  ,/ko, wherek, is
the vacuum propagation constant, and the propagation length is calculated B2 ;  /[4 Im(n,)]. e key
parameter demonstrating the mode con nement capability is the mode area A, which is de thedatio of
the total mode energy density; and the peak energy denaity; (x, y), which can be expressed by the formulas
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W, W (x, y)dxdy
max [Wp(x,y)]  max [Wg(x, y)] ©)

W (X, y) %Red(dxi’y)ﬁ(xy)\z o [HX, Y P ©

where |E(x, y§land |H(x, y)f respectively denote the intensity of electric and magnetic dklsy)is the electric
permittivity and , is the vacuum magnetic permeability.

e net mode gain (or loss) is determined by two factors, the mode propagation loss and the mode fraction

con ned within the gain material, and can be evaluatéd by

Gna dB/an pro loss Gmaierial (6)

whereG, is the net mode gain (or l0SS),, 1ss 2 | 4.34 is the mode propagation loss of the structure
without introducing the gain medium (the factor of 4.34 converts the value of loss from 1/cm to dBiem),
the fraction of the THz power overlapping with the gain medium,@ngl..i;is the gain of the bulk material.
Note that the net gain and loss occur whilgs 0 (i.e. Guaeriai  pro losd @3NdGrer 0 (i-€. pro 10ss  Gmaterias

respectively.
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